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Chapter 1 
 
 
 
Introduction 
Colloidal suspensions consist of particles with dimensions between 1 nm and 1 mm 
in a solvent. The size and shape of the particles are variable, their interactions are 
tunable, and this leads to many interesting phenomena. Colloidal particles are found  
in a wide range of products, such as paint, ink, drilling mud and food. Furthermore, 
colloidal suspensions are studied in analogy to atomic systems. Because of their 
mesoscopic character their time and length scales are more convenient in 
experimental studies. 
 
The central theme of this thesis is the phase behavior of mixed colloid-polymer 
suspensions. The addition of nonadsorbing polymers to a suspension of colloidal 
particles induces a so-called depletion attraction [1]. If the colloidal particles approach 
each other sufficiently close the depletion zones (shells around the colloidal particles 
from which the mass centers of the polymers are expelled) overlap. This causes an 
imbalance in the osmotic pressure exerted by the polymers, resulting in an effective 
attraction between the colloidal particles. A schematic representation is shown in 
figure 1.1. 
 
Figure 1.1 : Mechanism of the depletion interaction. 
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The associated depletion potential is given by [2]: 
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with P the osmotic pressure, Voverlap the overlap volume of the depletion zones, fp 
the polymer volume fraction, r the distance between the particle centers, sc the 
diameter of the colloidal particles, sp the diameter of the polymers and 
)(2
1
pc sss += . The range of the associated depletion potential depends on the size 
of the polymer; its depth is proportional to the osmotic pressure, which in turn is a 
function of the concentration of the polymers (see figure 1.2). The colloidal particles 
are considered as hard spheres, i.e., the interaction potential is infinitive at 
interparticle distances smaller than the diameter, and the interaction potential is zero 
at interparticle distances larger than the diameter. The polymers are considered as 
‘ghost’ particles. The interaction potential between the polymers is zero, but the 
interaction potential between a colloidal particle and a polymer is not equal to zero.  
Figure 1.2 : Three colloidal phases in analogy with atomic systems. 
At sufficiently high polymer concentration this attractive interaction gives rise to 
phase separation. The phase diagram has been shown to be determined by the size 
ratio q, defined as the quotient of the size of the polymer over the size of the colloid. 
A prominent feature of the phase behavior is the appearance of a (dilute) colloidal-
gas, a (more concentrated) colloidal- liquid phase, and a (concentrated) colloidal-solid 
phase (see figure 1.3) in analogy with atomic and molecular systems.  
colloidal- liquid colloidal-gas colloidal-crystal 
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Figure 1.3 : The depletion potential for a colloid -polymer system. 
When q is larger than one-third all three phases are found. When q is smaller than 
one-third the gas-liquid transition becomes metastable and only a colloidal- fluid phase 
and a colloidal-solid one are observed. The phase diagrams as a function of the colloid 
volume fraction, fc, and the polymer volume fraction, fp for these two cases are given 
in figure 1.4. The tie lines between coexisting phases are indicated by the drawn lines, 
and the critical point is labeled CP. 
 
Figure 1.4: The phase diagrams of colloid-polymer suspensions with a size ratio smaller 
than 0.3 (left) and larger than 0.3 (right). 
The phase diagrams shown in figure 1.4 have been theoretical predicted [3,4] and 
have been confirmed by experiments [5-7] and computer simulations [8-10]. In 
addition to the thermodynamics of the phase separation in colloid-polymer mixtures, 
more recently the kinetics and morphology connected with these phase separations is 
attracting considerable attention. Four pathways of phase separation have been 
observed: nucleation and growth, spinodal decomposition, aggregation and (transient) 
gelation. The structure of the final state of the system is influenced by these pathways 
[11-15]. 
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The first part of this thesis is dealing with the study of the properties of the 
interface between the colloidal-gas and the colloidal- liquid phase. The interfacial 
tension is determined from the shape of a droplet in a centrifugal field. Also the rate 
of breakup of a highly elongated droplet in a weak centrifugal field was used to 
determine the interfacial tension (chapter 2). The dependence of the breakup rate in 
the weak centrifugal field was studied and a simple model was developed to analyze 
the results (chapter 3). The structure of the interface between the coexisting colloidal-
gas and colloidal- liquid phases was studied with ellipsometry (chapter 4). 
The second part of this thesis is dealing with fluid-solid transitions. The 
preparation of a colloidal crystal of high quality at a vertical wall was characterized 
with atomic force microscopy (chapter 5). The method involves fluid-solid phase 
transition in the bulk, fluid-solid phase transition at a wall, and slow sedimentation of 
the colloidal particles. The structure of the sediments formed after the fluid-solid 
phase transition in the bulk was investigated with small-angle X-ray scattering using a 
synchrotron source (chapter 6). Information about the real space structure is extracted 
from the images of the reciprocal space. The kinetics and morphology of a fluid-solid 
phase transition in the bulk was studied in real time and real space with fluorescence 
confocal scanning laser microscopy (chapter 8). For this study it was necessary to 
investigate the characteristics of the colloidal particles used extensively (chapter 7). 
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Chapter 2 
 
 
 
Measurement of the interfacial tension of a 
phase-separated colloid-polymer suspension 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Abstract 
We studied the interfacial tension between coexisting colloid-rich and polymer-
rich fluid phases in a phase-separated colloid-polymer mixture. First, the location of 
the fluid-fluid binodal and the tie lines between the coexisting phases were determined 
using a recently proposed method that only requires the volumes of the coexisting 
phases as input. The spinning drop method was used to determine the very low 
interfacial tension between the coexisting phases. We also used the dynamics of the 
breakup process of the droplet of one phase suspended in the other to determine the 
interfacial tension. 
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2.1 Introduction 
It is well-known that the addition of free nonadsorbing polymers to a colloidal 
dispersion can induce a phase separation due to the depletion interaction between the 
colloids. This phenomenon was first theoretically described by Asakura and Oosawa 
[1] and later by Vrij [2]. The depletion interaction is based on the fact that there is a 
region around the colloidal particles, the depletion zone, from which the polymers are 
almost entirely excluded. When the colloidal particles approach each other 
sufficiently close for the depletion zones to overlap, there is an imbalance in osmotic 
pressure exerted by the polymers. This imbalance induces an effective attraction 
between the colloidal particles. The range of the associated depletion potential 
depends on the size of the polymer; its depth is proportional to the osmotic pressure, 
which in turn is a function of the concentration of the polymers. Provided the 
attraction is sufficiently strong, the colloid-polymer suspension phase separates into a 
colloid-rich phase and a polymer-rich phase. 
Phase transitions in colloid-polymer suspensions have attracted considerable 
attention, both theoretically and experimentally; see, for example, refs [3-16]. It has 
become clear that for small polymer to colloid size ratios (< 0.3) the transition is of 
the fluid-solid type, while for large size ratios (> 0.3) three different phases can occur: 
two different fluid phases, i.e., a gaslike and a liquidlike phase, and one solid phase, a 
colloidal crystal. The mechanism and kinetics of these phase transitions have been 
studied; not only phenomena such as nucleation and growth and spinodal 
decomposition have been reported [17,18] but also processes of aggregation and 
gelation [17,19]. 
Here, we study the interfacial tension between coexisting phases in a phase-
separated colloid-polymer mixture. This quantity is of fundamental interest [20] and 
plays an important role in phase-separation kinetics [21] and in emulsification 
processes [22,23]. Nevertheless, so far only a preliminary study [24] is known in 
which the interfacial tension is measured for just one point in the phase diagram of a 
phase-separated colloid-polymer mixture. The interfacial tension, or excess free 
energy per area, is the consequence of a gradual change of the concentration of the 
colloidal particles and the polymer molecules across the interface between the two 
coexisting phases. A crude estimate of the interfacial tension g may be given by the 
scaling relation g µ kBTf/x2, in which kB is the Boltzmann constant, T is the 
temperature, f is here the volume fraction of the colloidal particles in the colloid-rich 
phase, and x is a typical length scale related to the interfacial thickness [25,26]. Far 
from the critical point this interfacial thickness is about the size of the colloid or the 
polymer correlation length (in the studied system the diameter of the colloids and the 
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polymers are equal). Closer to the critical point this length scale increases, which 
causes a decrease in the interfacial tension. Although this scaling relation is derived 
for a single-component system, we expect that it is useful also for more complex 
systems as a first, crude estimation. 
When in the scaling relation the diameter of the particles is inserted for x, the 
interfacial tension of a ‘gas’-‘liquid’ type of interface in a demixed colloid-polymer 
suspension would be in the range of 0.01-0.0001 mN/m. This is an ultralow interfacial 
tension in comparison with those of atomic gas- liquid interfaces, which are in the 
range 10 – 100 mN/m, and also low in comparison with those of purely polymeric 
systems, i.e., demixed polymer blends and phase-separated polymer solutions, which 
are known to exhibit low interfacial tensions of a few mN/m. This much lower 
interfacial tension in colloid-polymer suspensions, even far from the critical point, is 
caused by the increase of the relevant length scale. 
A convenient and accurate method to determine ultralow interfacial tensions 
between two fluid phases is the spinning drop method [27,28], which has been used 
extensively in studies of polymer blends and of microemulsions [29,30]. In this study 
we apply the spinning drop method (a stationary method) to measure the low 
interfacial tension between the polymer-rich (low density) and the colloid-rich (high 
density) coexisting phases in phase-separated colloid-polymer suspensions. In 
addition we demonstrate that the breakup of a droplet of the low-density phase 
immersed in the high-density phase provides us with a second method (a dynamical 
method) to determine the interfacial tension between the two phases, the so-called 
breaking thread method. This method has been used before in studies of mixtures of 
highly viscous liquids [31]. The spinning drop setup allows us to establish and 
analyze the time evolution of the breaking drops. 
To determine the interfacial tension from the experimental data obtained by the 
spinning drop and the breaking thread measurements, the densities and viscosities of 
the coexisting phases are required. The former were obtained by constructing the 
phase diagram with its tie lines [32] and the latter by means of a constant shear 
rheometer. 
The remainder of this paper is organized as follows: in section 2.2 the system, the 
construction of its phase diagram, and the determination of the densities and 
viscosities of the coexisting phases are described. In section 2.3 the experimental 
techniques to determine the interfacial tension are discussed and the results are given. 
Section 2.4 gives a discussion of the results and this paper ends with a conclusion in 
section 2.5. 
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2.2 Phase behavior 
2.2.1 System 
We studied mixtures of spherical silica colloids and poly(dimethylsiloxane) 
polymers in the solvent cyclohexane. This system was originally prepared and 
characterized by Verhaegh in a study of the fluid-fluid transition [18]. The silica 
colloids are commercially available Ludox spheres (Ludox AS 40%, Dupont) coated 
with 1-octadecanol (Merck, zur Synthese). The hydrodynamic radius of the particles, 
obtained by means of dynamic light scattering measurements, is 13 nm with a 
polydispersity of 19 %; the particle density was established at 1.60 g/ml. The polymer 
we used in our experiments is commercially available poly(dimethylsiloxane) 
(PDMS, Janssen). The radius of gyration of the polymers was measured by gel 
permeation chromatography and determined at 14 nm; its molecular weight is 97 
kg/mol (Mw/Mn = 1.9), and its density is 0.976 g/ml. The colloid and polymer particles 
form a stable dispersion in cyclohexane (Baker analyzed). The dispersions are almost 
transparent because the index of refraction of the particles nearly matches that of 
cyclohexane. However, the optical contrast turns out to be sufficient to observe 
clearly the interface between the coexisting fluid-fluid phases. 
2.2.2 Phase diagram 
After homogenization of a colloid-polymer mixture at sufficiently high 
concentrations of either constituent, the system first becomes turbid, but after a short 
time the turbidity is reduced and the formation of an interface is observed. Phase 
separation typically takes place within half an hour to a few hours, depending on the 
concentrations. The interface is flat and clear. In highly concentrated samples a gel 
state is found. 
Visual inspection of the demixed suspensions along dilution lines (i.e., straight 
lines through the phase diagram with constant concentration ratio of colloid and 
polymer) allows one to examine the boundary between the one- and the two-phase 
regions. However, the construction of tie lines in the phase diagram requires the 
determination of the composition of the demixed phases. For colloid-polymer 
mixtures used in this study this is no easy task because standard techniques such as 
gas chromatography or photospectrometry are not directly applicable. Drying and 
weighing a known volume of the phase would be an obvious alternative except that 
the results could be affected by ill-understood drying effects. Recently, however, 
Bodnár and Oosterbaan [32] proposed a method to construct the tie lines in a phase 
diagram of a colloidal-gas - colloidal- liquid phase transition, based only on volume 
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measurements of the coexisting phases (along at least three dilution lines) and on the 
mass balance. 
We constructed the phase diagram with the method of Bodnár and Oosterbaan 
using volume measurements along four dilution lines with a polymer-to-colloid 
concentration ratios of 1.4, 3.9, 7.5, and 21.2. Instead of direct measurements of the 
volumes of the upper and lower phases, the heights of the two phases in a tube were 
measured. After the sample tubes were calibrated, the heights were converted to 
volumes. The volume measurements of the upper and the lower phase were started 
with a concentrated sample in which no gel state was observed. After each 
measurement of the volumes, the sample was diluted with a small amount of the 
solvent cyclohexane, and the procedure was repeated until the sample was so dilute 
that no phase separation occurred. 
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Figure 2.1: Constructed phase diagram of the colloid-polymer suspension where the 
polymer volume fraction fp ( = (Np/V) (4p/3)Rg3) is plotted vs the colloid volu me fraction 
fc. In this diagram are shown the dilution lines (dashed lines), the measured binodal 
points (open squares), a few of the calculated binodal points (solid squares), a few of the 
calculated tie lines (straight lines), the middles of the tie lines (up triangles), the critical 
point (down triangle) estimated by extrapolating the middle of the tie lines to the binodal, 
the composition of the samples for the spinning drop (open circles), and breaking thread 
experiments (solid circle). The colloidal-gas, colloidal-liquid, and colloidal-fluid phases 
are denoted by G, L and F respectively.  
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The phase diagram is shown in figure 2.1. Here, the polymer volume fraction fp is 
defined as the polymer number density times a spherical volume with radius equal to 
the radius of gyration of the polymer; this is in fact a volume fraction relative to the 
crossover value to the semidilute regime. Volume fractions smaller than unity indicate 
points in the dilute range; volume fractions greater than unity indicate that the solution 
has entered the entangled semidilute state. The colloid volume fraction fc is 
determined by converting the colloid weight fraction using the densities of the 
colloidal particles and the solvent. The diagram gives the four dilution lines and the 
measured binodal points on these lines, some of the calculated binodal points, the 
associated tie lines, and the middle of the tie lines. The binodal points are connected 
with a dashed line to guide the eye. The colloidal-gas, the colloidal- liquid and the 
colloidal- fluid phases are denoted by G, L and F, respectively. The critical point was 
estimated by extrapolating the middle of the tie lines to the binodal. 
2.2.3 Densities and viscosities of the coexisting phases 
Information on the densities and the viscosities of the coexisting phases is required 
to analyze the experimental data obtained with the spinning drop and the breaking 
thread technique. 
The densities are determined from the phase diagram. The overall concentrations 
of the colloids and polymers in a suspension indicate the position in the phase 
diagram. The tie line through this point in the phase diagram determines the points on 
the binodal of the two coexisting phases and therefore the concentrations of the 
colloids and the polymers in both phases. Because the densities of the colloids, the 
polymers, and the solvent are known, the density of both phases can be calculated. 
The density differences between the coexisting phases in the suspensions used in the 
spinning drop technique are given in table 2.1 and are in the range of 150-300 mg/ml. 
The viscosities of the two coexisting phases of the sample used in the breaking 
thread experiment were measured with a Contraves LS40 rheometer with a Couette 
geometry (DIN 406) equipped with a vapor lock filled with cyclohexane. The 
temperature within the rheometer was kept at 20 °C by a thermostatic bath that 
circulated water around the measuring geometry. The shear rates were varied between 
0 and 40 s -1. The upper and lower phases were each measured twice. The measured 
stress s versus shear rate is given in figure 2.2. The slope of the linear fit gives the 
viscosity. The lower phase has a viscosity of 97.1 mPa s, and the viscosity of the 
upper phase is 8.4 mPa s. Because it is possible to fit the data linearly, we conclude 
that both phases behave as Newtonian liquids. 
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Figure 2.2: Stress s as a function of the shear rate for the upper and the lower phase. The 
slope of the graphs is the shear viscosity. 
2.3 Interfacial tension 
2.3.1 Spinning drop method 
Principle 
The spinning drop technique is based on the fact that the elongation of the droplet 
due to centrifugal forces is balanced by the interfacial tension between the two phases. 
 
Figure 2.3: Spinning drop tube filled with the two phases. The system is rotating around 
its axis with a rotational speed w. For clearness’ sake the droplet is drawn much too large 
for this scale. 
Consider a tube filled with the high-density phase and a droplet of the low-density 
phase. The tube rotates around a horizontal axis at a certain rotational speed w  (see 
figure 2.3). From the measurement of the length L and diameter D of the droplet, the 
interfacial tension can be calculated using an equation derived by Princen et al. [28]: 
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Here, a is the curvature of the top of the drop and a is a dimensionless number, 
both of which are determined by L and D [28]. 
Experiment 
A home-built spinning drop tensiometer was used [33]. The internal diameter of 
the spinning drop tube measures 4 mm and its length 4 cm. The dense phase was 
injected with a glass capillary, and the tube was closed with a Teflon stopper on each 
side; one of the stoppers had a hole through which the lower density phase was 
injected with a microsyringe. This hole could be closed with a small screw. A droplet 
of the lower density phase was formed by rotating the tube around its axis 
horizontally. When the rotational speed is decreased, the drop breaks up into several 
smaller droplets. The length and the diameter of the droplets were measured with a 
crosswire on the microscope and using a micrometer. The rotational speed was 
measured with an optical sensor. For these measurements we choose the rotational 
speeds in the range of 35 < w < 105 rad/s; the temperature was fixed at 20 °C.  
The interfacial tension was determined for five points in the two-phase region in 
the phase diagram (see figure 2.1). The five samples were chosen in such a way that 
they had a relatively large volume of the high-density phase, which was convenient in 
the experiments. To obtain the interfacial tension of each sample, the length and 
diameter of many droplets were measured many times, at two or three different 
moments in time. A correction factor accounting for the curvature of the tube was 
used in establishing the diameter of the droplets [34]. 
Although the technique is straightforward in principle, a number of difficulties 
were encountered. First, the solvent evaporated very quickly, before an equilibrium 
was reached. A more effectively sealing method making use of the small screw in the 
Teflon stopper was used. The evaporation within the measuring time was now 
negligible. Second, the tube filling procedure is difficult because of the small amounts 
of the phases (~1 ml of low-density phase and ~1 ml of high-density phase) and the 
need to avoid air bubbles in the tube. Third, the optical contrast of the boundaries of 
the droplet was low because of the small difference in the index of refraction between 
the two phases (Dn » 0.005). Attachment of a CCD camera to the setup made the 
method more convenient. 
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Results 
A CCD photograph of a typical droplet is shown in figure 2.4. The interfacial 
tension g  was determined with equation (2.1) from the measurements of the length 
and diameter of the droplets. 
 
Figure 2.4: Photograph of a droplet of the low-density phase immersed in the high-
density phase of a demixed colloid-polymer suspension rotating at a rotational speed of 
60 rad/s. 
The results are given in table 2.1; data of the overall volume fraction of colloids 
fc*, and polymers fp*, the density difference Dr, and the number of determined 
droplets n of each sample are included in this table. The density difference was 
determined as described in section 2.2.3. In the case of sample A the point in the 
phase diagram did not fit on a calculated tie line, and therefore, an approximate tie 
line was drawn through the point with a slope extrapolated from the slopes of the 
calculated tie lines in the two-phase region. 
Table 2.1: Results of the five spinning drop experimentsa 
sample fc
* fp
* Dr 
[mg/ml] 
n g 
[mN/m] 
A 0.246 1.016 175 58 3.0 ± 0.7 
B 0.264 1.132 240 11 3.8± 0.6 
C 0.268 1.189 256 7 3.2± 0.2 
D 0.283 1.133 268 31 4.2± 0.4 
E 0.301 1.143 291 27 4.5± 0.5 
a For each sample are given the overall volume fraction of colloids, fc*, and polymers, 
fp*, the density difference between the coexisting phases, Dr, the number of analyzed 
droplets, n, and the determined interfacial tension, g. 
The determined interfacial tension ranges from 0.0030 to 0.0045 mN/m. If we plot 
the interfacial tension as a function of the density difference (see figure 2.5), a 
decrease of interfacial tension with a decrease of density difference is found. The 
density difference between the two phases is used here as a parameter for the location 
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of the different samples in the phase diagram relative to the critical point. A long 
equilibration time of approximately 10 h is shown in figure 2.6, where the interfacial 
tension is given as a function of time. Here, time zero denotes the time at which the 
droplet was formed by breaking up a larger drop. Such a long equilibration time in 
spinning drop experiments has been reported before [29,35]. 
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Figure 2.5: Interfacial tension as a function of the density difference between the two 
phases as measured with the spinning drop method. 
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Figure 2.6: Interfacial tension as a function of time for several different droplets of 
sample A. The points for a single droplet are connected with a solid line. 
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2.3.2 Breaking thread method 
Principle 
In the breaking thread method the interfacial tension can be estimated by following 
the initial stage in time of the breakup of an elongated drop into smaller droplets. 
Already in 1878, Rayleigh [36] treated the instability of a long, thin, cylindrical 
liquid thread and this work was extended by Tomotika [37] in 1935. Later, 
Rumscheidt and Mason [31] realized that this theory could be used for determination 
of the interfacial tension. This method is also referred to as the breaking thread 
method, and it has been applied to, for example, oils [38] and polymers [21,38]. 
Consider a long liquid cylinder with radius R and viscosity h1 surrounded by 
another liquid with viscosity h2 [21]. Initially, the elongated drop exhibits only small 
sinusoidal disturbances (see figure 2.7).  
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Figure 2.7: Simplified representation of sinusoidal disturbances on the elongated drop. l 
is the wavelength of the disturbance, A the amplitude, D0 the original diameter, Dmin and 
Dmax the minimum and the maximum diameter. 
The disturbances with a wavelength l larger than the original circumference of the 
drop, l ³ 2pR, will grow and eventually cause the drop to break. The amplitude A of 
the disturbance grows exponentially with time t. The fastest growing wavelength with 
growth rate qm will be dominant. A relation for the interfacial tension as a function of 
this growth rate is given by [21] 
m
mqD
W
= 02
hg  (2.2) 
Here, D0 is the initial diameter of the droplet and Wm is given by [21] Wm = (1 – 
(pD0/l)2)f, with f a function of pD0/l and h1/h2. The growth rate qm follows from 
ln(A(t)/R) µ qmt [21], and it can be determined from a plot of ln(A(t)/R) versus time t. 
Here, A(t) is the amplitude as function of the time. 
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Experiment 
We used the spinning drop setup to measure the evolution of a breaking drop in 
time. The breaking of a droplet was achieved by a sudden decrease of an initial 
rotational speed w i to a final rotational speed w f (e.g., w i = 600 rad/s and w f = 60 
rad/s). The breakup process was monitored by taking pictures with a CCD camera at 
fixed time intervals. The CCD camera was attached to the spinning drop setup, and its 
performance was checked by comparing the results of measurements of the length and 
diameter of several droplets in equilibrium, using both the camera and the 
microscope. The data coincide within an experimental error of 3 %. The digital 
pictures taken by the CCD camera were analyzed by computer with an imaging 
program. 
A sample with a colloid volume fraction of 0.237 and a polymer volume fraction of 
1.571 was used (see figure 2.1). Two experiments were done with two different final 
rotational speeds, the first with w f = 50 rad/s and the second with w f = 60 rad/s. In 
both experiments the diameter of the drop as a function of time was measured at four 
different positions along the elongated drop, two at a minimum and two at a 
maximum.  
Results 
Photographs of different stages of a breakup process are shown in figure 2.8. Note 
the presence of a very small droplet between the first and the second drop. The 
formation of such satellite droplets in other suspensions has been reported before [40]. 
Figure 2.9 gives magnified pictures of an observed satellite formation. 
 
Figure 2.8: Breakup of an elongated droplet. Only part of the long droplet is shown. In 
about 3 min the droplet has broken up into smaller droplets. Between the small droplets a 
very small droplet has formed, which can hardly be seen in this picture. 
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Figure 2.9: Detail of photographs of a breakup process in which the satellite formation is 
shown. 
The interfacial tension was determined with equation (2.2) in two experiments with 
different final rotational speed. In the first experiment the interfacial tension of 
0.0025 mN/m is found, and in the second experiment with a higher final rotational 
speed an interfacial tension of 0.0014 mN/m is found (see table 2.2). 
Table 2.2: Results of the two breaking thread experiments a 
 experiment 1 Experiment 2 
qm [s
-1] 0.02411 0.01333 
D0 [mm] 0.266 0.275 
h2 [mPa s] 97.1 97.1 
Wm 0.25 0.25 
wf [rad/s] 50 60 
g [mN/m] 2.5 1.4 
a for each experiment is given the growth rate, qm, the original diameter, D0, the viscosity 
of the high density phase, h2, the value of Wm,21 the final rotational speed, wf, and the 
measured interfacial tension, g. 
2.4 Discussion 
The results of the interfacial tension measurements reported are in good agreement 
with the scaling relation g µ kBTf/x 2. By use of x, the diameter of the colloids (see 
Introduction), this scaling relation predicts an interfacial tension in the range 0.01-
0.0001 mN/m. Although our results are of the same order of magnitude as those of 
Vliegenthart and Lekkerkerker [24], they are in fact about 3 times lower. This can 
partly be explained by a less accurate determination of the density difference in ref 24 
and the fact that the equilibration time in their experiments, limited by the evaporation 
of the solvent, was much shorter. From figure 2.6 we can see that this could lead to a 
higher measured interfacial tension. 
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From figure 2.5 we see that closer to the critical point (smaller density difference) 
the interfacial tension becomes smaller. The decrease of the interfacial tension can be 
understood in terms of a more diffuse interface and a better miscibility of the two 
phases; i.e., the concentration difference of the components between the two phases 
decreases. 
The small but significant difference between the interfacial tensions determined 
with the spinning drop method and with the breaking thread method can perhaps be 
explained by the fact that in the breaking thread experiments a nonnegligible 
centrifugal force is present in the final state in order to prevent the droplets from 
sedimenting. The growth rate of the distortions, and hence the interfacial tension 
calculated with equation (2.2), will be influenced by this centrifugal force. Since this 
effect will be an even function of the final rotational speed, we have plotted in figure 
2.10 the calculated interfacial tension versus the square of the final rotational speed. 
Assuming that for sufficiently small final rotational speeds such a plot is a straight 
line, we can extrapolate to zero final rotational speed. The value of the interfacial 
tension determined in this way is in good agreement with the value obtained by the 
spinning drop method. 
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Figure 2.10: Interfacial tension as a function of the squared final rotational speed as 
determined by the breaking thread method. The value given at a zero rotational speed 
was measured with the spinning drop method in a sample (sample D) with the same 
density difference as the sample used in the breaking thread experiments. 
2.5 Conclusion 
In this study we reported on the measurement of the interfacial tension of demixed 
colloid-polymer suspensions using the spinning drop method as well as the breaking 
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thread method. The fluid-fluid binodal of the system was determined, and the tie lines 
in the phase diagram were constructed using a method based on volume 
measurements of the coexisting phases. From this phase diagram the location of the 
used samples and the densities of the coexisting phases needed for the analysis of the 
spinning drop experiments could be obtained accurately. With the spinning drop 
method interfacial tensions in the range 0.0030-0.0045 mN/m were found; the 
interfacial tension increases with an increasing density difference between the 
coexisting phases. Furthermore, we demonstrated that the breaking thread method is a 
useful method to determine the interfacial tension in colloid-polymer suspensions. 
Extrapolation of the interfacial tension, measured with the breaking thread method, to 
zero final rotational speed yields an interfacial tension that is in agreement with 
spinning drop results. 
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Chapter 3 
 
 
 
Breakup of an elongated droplet in  
a centrifugal field 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Abstract 
The breakup of an elongated drop in the presence of a centrifugal field was 
studied. The system used was a phase-separated colloid-polymer suspension; the 
elongated drop consisted of the lighter polymer-rich fluid phase and the surrounding 
fluid was its coexisting colloid-rich fluid phase. We found that the growth rate of the 
fastest growing disturbance of the drop, which eventually leads to its breakup, is 
decreasing upon an increase of the rotational speed, whereas the wavelength of the 
disturbance is increasing upon an increase of the rotational speed. We present a 
simple analysis of the effect of the centrifugal field which accounts quantitatively for 
these features. 
Chapter 3 
30 
3.1 Introduction 
In the previous chapter a study on the interfacial tension in a phase-separated 
colloid-polymer suspension was reported using the spinning drop method. In 
performing these experiments a striking phenomenon was observed: the breakup of 
elongated droplets induced by a large decrease in the rotational speed. Breakup 
processes are found in many other systems, ranging from natural to artificial 
environments. As such, it is an interesting phenomenon from a fundamental point of 
view. In this chapter we investigate in more detail the breakup process in the presence 
of a centrifugal field and we present a model to interpret the experimental results. 
The interfacial tension in a colloid-polymer suspension, phase-separated into a 
colloidal-gas and a colloidal- liquid phase, is very low, on the order of 1-10 mN/m (for 
comparison: interfacial tensions of atomic and molecular liquids are on the order of 
tens of mN/m). It has first been measured by Vliegenthart and Lekkerkerker [1], 
followed by a more extensive study [2] of the interfacial tension as a function of the 
concentration of the species with a stationary and dynamical method described in the 
previous chapter. These experimental studies have been a motivation for the 
development of a scaling approach [3] and for the development of mean-field [4] and 
density functional theories [5] to calculate the interfacial tension. Recently, a study 
was reported focusing on the interfacial tension near the critical point [6]. 
In the experiments the interfacial tension was measured with the spinning drop 
method, which is usually used to measure low interfacial tensions. In this method a 
small droplet of the lighter phase is injected into a tube, filled with the denser phase. 
The tube is rotated and the droplet is elongated along the rotational axis, which is 
perpendicular to the gravitational field. The shape of the droplet is determined by the 
centrifugal forces and the interfacial tension. In 1942 Vonnegut [7] derived an 
equation to determine the interfacial tens ion from the dimensions of the droplet: 
4
32 rwg D= R  (3.1) 
with g the interfacial tension, w the rotational speed, R the radius of the droplet, 
and Dr the density difference between the two phases. Princen et al. [8] derived an 
extension of this equation in 1967, which is also valid when the length of the drop was 
smaller than four times the diameter. 
It was observed that the elongated droplet which is produced in the spinning drop 
experiment can breakup into several smaller droplets by a decrease in the rotational 
speed [2]. In these previous experiments it was used to obtain several smaller droplets 
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from a larger one. Already in 1878, Rayleigh [9] treated the instability of a long, thin, 
cylindrical liquid thread and this work was extended by Tomotika [10] in 1935. Later, 
Rumscheidt and Mason [11] realized that this theory could be used for determination 
of the interfacial tension. This method is also referred to as the breaking thread 
method, and it has been applied to, for example, oils [12] and polymers [12, 13]. 
Consider a long liquid cylinder with radius R0 and viscosity h1 surrounded by 
another liquid with viscosity h2 [10] (see figure 3.1).  
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Figure 3.1: Schematic representation of a breaking droplet. 
Initially, the elongated drop exhibits only small sinusoidal disturbances. The 
disturbances with a wavelength, l, larger than the original circumference of the drop, 
l ³ 2pR0, will grow and eventually cause the drop to break. Breakup of the elongated 
droplet into smaller ones decreases the total interface between the two fluids. The 
amplitude e of the disturbance grows exponentially with time t.  
)exp(qtµe  (3.2) 
with q the growth rate of the disturbance, which is defined by: 
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with X the dimensionless parameter X = 2pR0 / l, and F  a function of X and the 
viscosity ratio of the thread (h1) to the surrounding fluid (h2) [10]. The fastest 
growing wavelength will be dominant and is determined by the interfacial tension g 
and the viscosities of both phases. The interfacial tension can now be determined by 
measuring the growth rate, qm, which is associated with the dominant wavelength, lm.  
In the previous experiments [2], however, it was noted that the breakup velocity 
depends also on the final rotational speed, which in the experiment could not be 
reduced to zero as it was needed to balance the gravitational force on the droplet. In 
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this study we will investigate the dependence of the breakup velocity on the 
centrifugal field, expressed by the final rotational speed. 
3.2 Experimental section 
A dispersion of silica particles and poly(dimethylsiloxane) (PDMS) polymers in 
the solvent cyclohexane was used. The silica particles are coated with 1-octadecanol 
to provide a sterical stabilization; its radius is 13 nm with a polydispersity of 19 % 
[14]. The PDMS has a radius of gyration of 14 nm; its molecular weight is 97 kg/mol 
(Mw / Mn = 1.9) [14]. As the size ratio of the polymer to colloid is larger than 0.3 we 
found a gas-liquid phase transition. The cyclohexane almost matches the index of 
refraction of both the colloidal particles and the polymer. However, the interface 
between the demixed phases could be observed clearly. A photograph of the demixed 
system is given in figure 3.2; the tube is slightly tilted to see the interface better. The 
density difference between the two phases is determined by measuring the phase 
diagram and the construction of the associated tie lines, as described elsewhere [15, 
2]. For the measurements a sample with a colloid volume fraction of 0.237 and a 
polymer volume fraction of 1.571 was used. The density difference between the 
coexisting phases is 242 mg/ml. 
 
Figure 3.2: Photograph of the phase-separated colloid-polymer suspension. The tube is 
tilted over a small angle in order to observe the interface better. 
A home-built spinning drop tensiometer [16] was used to measure the evolution of 
a breaking drop in time. The internal diameter of the spinning drop tube measures 4 
mm and its length 4 cm. The dense phase was injected with a glass capillary, and the 
tube was closed with a Teflon stopper on each side; one of the stoppers had a hole 
through which a small droplet of the lower density phase was injected with a 
microsyringe. This hole could be closed with a small screw. A droplet of the lower 
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density phase was formed by rotating the tube around its axis horizontally. The 
rotational speed was measured with an optical sensor and the temperature was fixed at 
20 °C using a thermostatic bath connected to the setup. The droplet was elongated for 
a minute at a rotational speed of 500 rad/s. Then, the rotational speed was decreased 
within 10 seconds to a final rotational speed. The breakup process was monitored by 
taking pictures with a CCD camera at fixed time intervals. A series of experiments 
was performed in which the final rotational speed was varied between 35 and 70 rad/s. 
At each final rotational speed the experiment was repeated several times. 
3.3 Results and analysis 
The evolution of the droplet in time was followed as a function of the final 
rotational speed. Only below a final rotational speed of 65 rad/s a breakup of the 
elongated drop was observed. A final rotational speed of at least 35 rad/s was required 
to balance the gravitational force. Figure 3.3 shows a typical time series of the 
breakup. 
 
Figure 3.3: A typical time series of the breakup of the elongated droplet at a final 
rotational speed of 40 rad/s. 
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The growth rate q was determined by the analysis of the diameter of the droplet at 
necks and bulges. The results are given in figure 3.4. Here, also the results of two 
earlier experiments [2] are incorporated. We find a decrease in the growth rate with an 
increase of the final rotational speed. Furthermore, it was noticed that also the 
dominant wavelength of the disturbance was dependent on the final rotational speed, 
as is shown in figure 3.5. The wavelength increases upon an increase of the final 
rotational speed. 
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Figure 3.4: Measured values of the growth Figure 3.5: Measured values of the 
 rate, q, as a function of the rotational speed  wavelength of the distortion, l, as a 
squared, w 2.    function of the rotational speed squared, 
      w 2. 
To estimate the dependence of the growth rate on the final rotational speed, first 
the situation with no centrifugal field is analyzed. The breakup is driven by pressure 
difference in the droplet; the pressure in a neck (position A in figure 3.1) is higher 
than in a bulge (position B in figure 3.1) with respect to point C and D, respectively. 
Points C and D are positions in the surrounding fluid phase far away from the droplet 
(see figure 3.1). The fluid will flow from point A to point B with a certain velocity, 
which depends on the magnitude of the pressure difference, the viscosities of both 
fluids and the initial radius of the drop. The pressure difference between the two 
points is calculated using the Laplace equation for the pressure difference between 
two media due to interfacial tension and separated from each other by a curved 
interface: 
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where the radius in this case can be expressed as a function of the distortion: 
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The z-direction is chosen perpendicular to the axis of rotation. The pressure in 
point A with respect to point C is: 
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Similarly, the pressure in point B with respect to point D is: 
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Assuming that the pressure in points C and D is equal, the pressure difference (due 
to the difference in curvature of the interface) is: 
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 (3.8) 
From this equation the minimum value for the wavelength of the distortion is 
derived easily. A droplet will break when this pressure difference is larger than zero, 
which is true for X (=2pR0/l) < 1. Therefore, the wavelength should be larger than 
the circumference of the drop (l > 2pR0). 
The evolution of the breakup of the droplet depends on the growth rate times the 
amplitude of the distortion, as is shown by equation (3.2). Furthermore, it can be 
defined by a mobility function L times the pressure difference: 
ee qpL
dt
d =D=  (3.9) 
Using the results of Tomotika for the growth rate in the absence of a centrifugal 
field (equation (3.3)), we find for the mobility function: 
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Now, assume that in the final stage there is a finite rotational speed causing a 
centrifugal field. This influences the pressure difference, which in turn effects the 
growth rate. The contribution of the centrifugal field to the pressure diffe rence can be 
determined as (which is clear by the analysis of the pressure difference along path A-
C compared to path B-D in figure 3.1): 
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The total pressure difference will then be:  
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Finally, the combination of equation (3.9) and (3.12), and assuming the mobility 
function derived by Tomotika (equation (3.10)) still to be valid in the presence of a 
centrifugal field, gives an expression for the growth rate of the breakup in a 
centrifugal field: 
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Equation (3.13) is the central result of our model and we can test it by comparing it 
to our experimental results. In order to do so we plot q as a function of X, using 
equation (3.13), for various rotational speeds (figure 3.6). For the interfacial tension 
we used a value of 3.71 mN/m, as measured with the spinning drop method for this 
specific sample. The viscosities of the two fluids (h1 = 8.4 mPa s, h2 = 97.1 mPa s) 
and the radius of the droplet as measured were used to be able to compare the 
calculated values with the experimental data. In the plot we identify the maxima of q 
as qm and the corresponding X as Xm. It is clear from figure 3.6 that qm as well as Xm 
depend on the final rotational speed. The calculated values are compared with the 
experimental values as a function of the final rotational speed squared, w 2, in 
figure3.7 and 3.8. 
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Figure 3.6: The growth rate, q, as a function of the reduced wavelength, X, for various 
rotational speeds calculated with equation (3.13). 
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Figure 3.7: The values for qm as a   Figure 3.8: The values for Xm as a  
function of w 2 obtained by experiment  function of w2 obtained by experiment and  
and calculation.    calculation. Both data sets were  
      extrapolated to zero rotational speed. 
We find the same trend of qm as a function of w 2 for the experimental and calculated 
data. The magnitude differs, although they are of the same order. The experimental 
Chapter 3 
38 
and calculated values of Xm are in good agreement. Extrapolation to zero rotational 
speed gives for the experimental data a value of 0.54, and for the calculated values it 
is 0.58. Both values are close to the value of 0.56 as calculated according to the 
analysis of Tomotika. The small difference between the experimental value and the 
one obtained following Tomotika justifies the smoothing of the experimental data 
with the fitted curve. These smoothed values are used in the following paragraph. 
From the comparison between the calculated and experimental results it appeared that 
the estimation of the influence of the centrifugal field on the growth rate of the 
disturbance of a droplet is reasonably described with this simple model. 
Now we can use equation (3.13) the other way around: the determination of the 
interfacial tension from measured growth rates and wavelengths as a function of the 
rotational speed. Using measured values of Xm as a function of w, the effect of the 
centrifugal field on mobility function is accounted for to some extend. Figure 3.9 
shows the results. For comparison we show also the interfacial tension of 3.71 ± 0.47 
mN/m found with the spinning drop method for this specific sample. A linear fit 
through the data gives an interfacial tension of 4.76 ± 1.47 mN/m, which is about 25 
% larger than the value measured with the spinning drop method. The difference is 
expected because of the discrepancy between the experimental and calculated values 
of qm. Furthermore, it is known that a dynamic interfacial tension is sometimes higher 
than a stationary interfacial tension. 
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Figure 3.9: Interfacial tension, g, calculated with equation (3.13). The value measured 
with the spinning drop is also indicated. 
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3.4 Conclusions 
We have shown that the breakup of a droplet in a centrifugal field not only depends 
on the interfacial tension, but also on the magnitude of the centrifugal field applied. 
We were able to analyze the effect of the centrifugal field on the growth rate with a 
simple model. The calculated interfacial tension, determined by the measured growth 
rates and wavelengths and using this model, is in reasonable agreement with the value 
found with the stationary method of the spinning drop. 
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Ellipsometric study of the liquid/liquid interface 
in a phase-separated colloid-polymer 
suspension 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Abstract 
An investigation of the interface in a phase-separated colloid-polymer suspension 
with ellipsometry is presented. The coefficient of ellipticity at the Brewster angle of 
light reflected at the interface between the coexisting colloid-rich and polymer-rich 
phase was measured along two trajectories through the phase diagram. Interpreting 
the data in terms of a diffuse interface model, an interfacial thickness in the order of 
the diameter of the colloidal particles is found. 
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4.1 Introduction 
In the last few decades phase separation in suspensions of colloidal particles and 
free, non-adsorbing polymers have been studied extensively. It is now generally 
believed that phase separation in these mixtures occurs due to the depletion 
interaction between the colloids, induced by the polymers [1,2]. The depletion 
interaction can be understood as follows. Around the colloidal particles is a shell in 
which the mass centers of the polymers are unable to penetrate, the so-called 
depletion zones. When the colloidal particles approach each other close enough for 
the depletion zones to overlap, an imbalance in osmotic pressure is exerted by the 
polymers, which leads to an effective attraction between the colloids. The size of the 
polymers and colloids determine the range of the associated depletion potential, and 
the concentration of the polymers determine the depth of this potential; change in 
sizes or concentrations will have an influence on the depletion potential. Colloid - 
polymer suspensions phase separate into a colloid-rich phase and a polymer-rich 
phase when the attraction is sufficiently strong. This transition can either be liquid-
liquid or fluid-solid. The mechanism and kinetics of these phase transitions have been 
studied [3-6]. 
The formation and the structure of the interface between the coexisting phases in a 
demixed colloid - polymer suspension is an important factor in phase separation 
kinetics and in emulsification processes. Recently we have measured the interfacial 
tension in such suspensions [7], which is in the range of 0.0030 to 0.0045 mN/m, 
depending on the concentrations of the colloids and the polymers. This interfacial 
tension is very low in comparison with atomic gas- liquid interfaces (~ 10 – 100 
mN/m), and also low in comparison with polymeric systems (a few mN/m). We 
observed a flat and sharp interface in these demixed suspensions. As far as we know 
the structure of these kind of interfaces has not been investigated before. The aim of 
this work is to gain some information concerning the thickness of the interfacial 
region of this phase-separated colloid - polymer suspension. Such information can be 
obtained by ellipsometry. 
Ellipsometry [8] is a well-established technique to determine the thickness of sub-
micron films at surfaces and interfaces. It measures the state of polarization of light 
reflected at the interface, expressed by the ratio r = rp/rs, where rp and rs are the 
reflected amplitudes of light, polarized parallel and perpendicular to the plane of 
incidence. The coefficient of ellipticity r  equals Im(r) at the Brewster angle QB. 
When the interface is perfectly sharp and flat, r  is zero. Deviations from this zero 
value can be attributed to a gradual change of the composition through the interface 
(diffuse interface) [9], or to roughness caused by thermally excited capillary waves 
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[10,11]. Scattering of the incident or reflected light (as to be expected in the study of a 
colloidal suspension) should not change the phase of the light and thus should not 
affect the ellipticity. 
This paper is organized as follows. In section 4.2 the colloid - polymer suspension, 
the ellipsometer and the measurement procedure are described. Section 4.3 gives the 
results of the ellipsometric measurements. In section 4.4 a discussion on the 
measurements and the results is given, followed by the conclusions in section 4.5. 
4.2 Experiment 
4.2.1 System 
We used mixtures of spherical silica colloids and poly(dimethylsiloxane) polymers 
in the solvent cyclohexane. This system was originally prepared and characterized by 
Verhaegh in a study of the liquid- liquid transition [12]. The colloids are commercially 
available ludox spheres (Ludox AS 40%, Dupont) coated with 1-octadecanol (Merck, 
zur Synthese); the hydrodynamic radius of the particles is 13 nm with a polydispersity 
of 19 %, and the particle density is 1.60 g/ml. The polymer is commercially available 
poly(dimethylsiloxane) (PDMS, Janssen); the radius of gyration of the polymers was 
determined at 14 nm, its molecular weight at 97000 g/mol (Mw/Mn = 1.9), and the 
density at 0.976 g/ml. The dispersions are almost transparent, because the refractive 
index of the particles nearly matches that of cyclohexane. However, the optical 
contrast turns out sufficiently good to be able to observe clearly the interface between 
the coexisting liquid-liquid phases. 
After homogenization of a colloid - polymer mixture at sufficiently high 
concentrations of colloids and polymers, the system first becomes turbid, and after a 
short time the turbidity reduces and the formation of an interface is observed. The 
system phase separates into a colloid-rich (colloidal liquid) and a polymer-rich 
(colloidal gas) phase, see figure 4.1. Phase separation typically takes place within half 
an hour to a few hours, depending on the concentrations. With a method, proposed by 
Bodnár and Oosterbaan [13], the boundary between the one and the two-phase 
regions, and the tie lines in the phase diagram were determined, as described 
elsewhere [7]. This method is based only on volume measurements of the coexisting 
phases along at least three dilution lines (i.e., straight lines through the phase diagram 
with constant colloid-to-polymer concentration ratio), and on the mass balance. The 
phase diagram is shown in figure 4.2. It gives the measured binodal points, some of 
the calculated binodal points, some of the calculated tie lines, the critical point, the 
composition of the samples used in the experiments and the dilution lines of the 
samples. The binodal points are connected with a dotted line to guide the eye. The  
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Figure 4.1: Artist’s impression of a colloid – polymer suspension separated in a 
colloidal-gas and a colloidal-liquid phase. 
critical point was estimated by extrapolating the midpoints of the tie lines to the 
binodal. The compositions of coexisting phases are determined from the phase 
diagram as follows. The overall concentrations of the colloids and polymers in a 
suspension indicate the position in the phase diagram. The tie line through this point 
in the phase diagram determines the points on the binodal of the two coexisting 
phases and therefore the concentrations of the colloids and the polymers in both 
phases. The density of both phases can then be calculated with the known densities of 
the colloids, the polymers and the solvent. 
4.2.2 Ellipsometer 
A phase modulation ellipsometer was used to measure the coefficient of ellipticity 
of light reflected at the interface [14]. The optical configuration consists of a 10 mW 
He-Ne-laser (l = 632.8 nm), a polarizer (Glan-Thompson-Prism), a phase modulator 
(Hinds, Modell FS5), the sample cell, an analyzer, and a photomultiplier tube as the 
detector. The sample cell was made of a cylindrical glass tube and was held in place 
by a support such that the axis of the cylinder was perpendicular to the plane of 
incidence of the light beam. The cell had two outlets: one was used to add solvent and 
was closed with a Teflon tap; in the second outlet a Teflon stick was inserted. By 
changing the position of this stick in the outlet it was possible to adjust the level of the 
interface in the sample. In all measurements it was attempted to keep the level of the 
interface exactly in the axial plane of the cylindrical cell. 
4.2.3 Measurements 
Ellipticity measurements were made on two samples with different colloid-to-
polymer concentration ratio, as indicated in figure 4.2. The concentrations in both  
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Figure 4.2: Constructed phase diagram of the colloid - polymer suspension where the 
polymer concentration cp is plotted vs. the colloid volume fraction fc; in this diagram are 
shown the measured and a number of the calculated binodal (), some of the calculated 
tie lines (), the critical point () estimated by extrapolating the midpoints of the tie 
lines to the binodal, the composition of measurements in sample 1 (Ñ) and in sample 2 
( î) and the dilution lines of the samples ( -  - ). 
samples were varied by dilution with the solvent; with this procedure the colloid-to-
polymer concentration ratio remains constant. The incident light passes through the 
upper, polymer-rich phase at the Brewster angle, which was found to be 44.7° for a 
suspension with a colloid volume fraction of 0.222 and a polymer concentration of 
21.5 mg/ml. 
The experiment was conducted as follows. A small amount of solvent was added to 
the sample; portions were varied from 0.025 till 0.5 ml. The sample holder with the 
sample cell was taken out of the apparatus and slowly shaken until the sample was 
homogeneously turbid. The sample holder was replaced carefully into the same 
position in the apparatus. After a few hours phase separation was completed and the 
ellipticity was measured. This procedure was repeated three times for sample 1 and 
ten times for sample 2. 
4.3 Results 
The ellipticity was measured as a function of the difference in density between the 
coexisting phases along dilution lines. Two samples, indicated in figure 4.2, with 
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different colloid-to-polymer concentration ratio were studied. The results of the 
measurements at four state points in sample 1 and at eleven state points in sample 2 
are given in table 4.1 and 4.2. In both cases no systematic variation of r  as a function 
of the sample composition was found. The average value of the measured ellipticity is 
+0.0041 in sample 1 and –0.0081 in sample 2. In figure 4.3 the measured ellipticity is 
given as a function of the difference in density of the coexisting phases, da - db, which 
indicates the distance to the critical point. The density difference of sample 1 at state 
point 1 to 3 was estimated by extrapolation of the tie lines. 
Table 4.1: Measurement ellipticity of sample 1. 
jc cp 
[mg/ml] 
da - db 
[mg/ml] 
rm * 10-3 
0.210 18.7 153 4.5 
0.213 19.0 179 4.4 
0.220 19.7 213 3.1 
0.227 20.3 237 4.4 
Table 4.2: Measurement ellipticity of sample 2. 
jc cp 
[mg/ml] 
da - db 
[mg/ml] 
rm * 10-3 
0.1935 25.5 248 -8.5 
0.2004 26.4 264 -8.6 
0.2053 27.1 274 -9.2 
0.2078 27.4 279 -8.2 
0.2091 27.6 282 -6.9 
0.2104 27.7 284 -7.0 
0.2118 27.9 286 -7.4 
0.2124 28.0 287 -8.3 
0.2131 28.1 289 -7.6 
0.2138 28.2 290 -8.7 
0.2144 28.3 291 -8.5 
 
A significant contribution to the measured ellipticity comes from the birefringence 
of the glass walls of the sample cell, and the magnitude of this contribution depends 
on precise positions at which the laser beam is passing the glass wall. Care was taken 
to keep the sample cell in precisely the same position during the measurements of the 
dilution lines. The fact that the measured ellipticities are positive for sample 1 and 
negative for sample 2 may indeed be attributed to the spurious birefringence effect of 
the glass. For sample 1 we determined the contribution to r  due to the glass cell by 
reference measurements of the liquid/liquid interface of the butanol + water system 
for which the ellipticity is known [10]. In this way the contribution due to 
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birefringence was found to be +0.0036 for sample 1. Accordingly, the net ellipticity of 
the interface in sample 1 is +0.0005. 
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Figure 4.3: Measured ellipticity as a function of the difference in density, da – db, 
between the coexisting phases along two dilution lines; Ñ: sample 1, î : sample 2. 
The ellipticity was analyzed in terms of the diffuse interface model. Assuming that 
the composition profile of the interface can be expressed in terms of a refractive index 
profile n(z) between two isotropic phases a and b, the ellipticity ri of the interface is 
given by the approximate Drude equation [15]: 
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Here, l is the wavelength of the incident light, and na and nb the refractive indices 
of the two phases. In the present experiment phase b (defined as the phase through 
which the light is transmitted to the interface) was the polymer-rich (low density) 
phase, which had a lower refractive index than the colloid-rich phase a (i.e., na - nb > 
0). Near the critical point the interfacial profile is expected to be symmetric and can 
be written in the form [16,17]: 
( ) ( ) ( )Xnnnnzn baba --+= 2121 , (4.2) 
with  X(+¥) = + 1,   X(-¥) = - 1. 
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In the present analysis, the mean-field profile function XMF = tanh(z/2x) was 
adopted, where x is a measure for the thickness of the interface. In the van der Waals-
Cahn-Hilliard theory this length x is identical with the correlation length of the critical 
fluctuations in the coexisting bulk phases [18]. Since the refractive index differences 
between the two phases are very small for the present samples, na - nb << na, nb and 
na » nb » n, one obtains: 
lxpr ba /)(22 nni -=  (4.3) 
where the relation for the mean-field profile function 
( ) ( ) 22/]2/1[ 2 =-ò
+¥
¥-
xx zdzX MF  (4.4) 
was used. 
Equation (4.3) was used to determine x for the present system. With the 
experimental data of sample 1 at state point 4 (jc = 0.227 and cp = 20.3 mg/ml), i.e., 
ri = 0.0005, na = 1.4385, nb = 1.4250, and l = 632.8 nm, we find x = 2.6 nm. The 
thickness of the diffuse interfacial region may be expressed by the “10-90” thickness t 
[19], for which equation (4.2) gives t » 4.4x, i.e., ca. 11 nm. A similar analysis of the 
data for sample 2 is not possible, because the birefringence contribution due to the 
sample cell is not known. 
4.4 Discussion 
The measurements reported above were limited by several experimental problems. 
The main obstacle was the large contribution to the ellipticity resulting from the 
birefringence of the glass cell. Whereas in studies of the temperature dependence of 
the ellipticity [15] the sample cell is kept in position during a full temperature scan 
(and thus any birefringence effects remain constant), in the present study the sample 
cell had to be removed from the ellipsometer for each new experimental point along 
the dilution line, in order to guarantee thorough mixing of the sample. A related 
uncertainty arises from the difficulty to keep the interface at precisely the same level 
in the sample cell before and after dilution. In practice this turned out to be difficult, 
although the design of the sample cell allowed for such adjustments of the interface. 
The non-systematic scatter of the measured ellipticities along the dilution lines of the 
two samples (tables 4.1 and 4.2) are believed to be caused mainly by spurious 
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birefringence effects due to the imprecise re-positioning of the sample cell and 
interface level. 
A systematic error of the ellipticities of sample 1 can arise from errors in the 
reference measurements on the butanol + water system. Such errors are estimated to 
be less than 0.0005 in r . Furthermore, the Brewster angle (which depends on the 
refractive indices of the two phases) was determined only for one sample although the 
refractive indices will vary along the dilution line. 
As mentioned before, the birefringence contribution to the ellipticities was 
determined only for sample 1 and thus the magnitude of the ellipticity of the interface 
in sample 2 could not be determined. Nevertheless, it can be stated that in both 
samples the ellipticity does not exhibit a significant dependence on the composition of 
the sample along the dilution line (expressed as the density difference between the 
coexisting phases) in the phase diagram. We may discuss this finding in terms of 
equation (4.3). Inspection of figure 4.2 shows that the refractive increment, na - nb, 
decreases with decreasing density difference along the experimental paths of sample 1 
and 2. The observation that the ellipticity of the interface remains constant along these 
trajectories then implies an increase of the interfacial thickness as x µ (na - nb)-1. As 
the critical point is approached, the compositions of the coexisting phases and the 
refractive index increment, na - nb, will converge to zero while the correlation length 
x will increase and diverges as one approaches the critical point. The increase of x 
will dominate the behavior of the ellipticity sufficiently close to the criticality of the 
system. However, further away from the critical point the two antagonistic effects of 
na - nb and x may result in a nearly constant value of the ellipticity. Indeed, in 
previous studies of near-critical interfaces in simple two-component systems (where 
the ellipticity was measured as a function of the distance from the critical temperature 
|Tc – T| ) it was found [14,15] that the ellipticity exhibits only a weak temperature 
dependence down to |Tc – T| » 3 K (corresponding to a relative distance |Tc – T| / Tc » 
10-2). Thus it is likely that a significant increase in the magnitude of the ellipticity will 
occur only very close to the critical point. In order to test this conjecture it would be 
necessary to locate the critical point more accurately than has been possible so far. 
In the present analysis it has been presumed that the behavior of the interface of 
this three-component system can be analyzed in terms of a single density variable. In 
principle, the concentration profile of the colloid and of the polymer might vary in an 
different manner, e.g., the concentration profile of the colloid particles might be a 
monotonic function of the coordinate z while the profile of the polymer might exhibit 
a maximum or minimum in the interface. In such a case the refractive index profile 
n(z) may deviate from a simple symmetric form as in equation (4.2). Specifically, if 
n(z) exhibits a maximum in the interfacial region this would cause a negative  
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contribution to the integral in equation (4.1). In this case the value ri observed for 
sample 1 (+0.0005) would imply a greater thickness than the estimated 10-90 value t 
= 11 nm. Further studies are necessary to investigate this possibility. 
4.5 Conclusion 
We have shown that ellipsometry can be used to study the thickness of the 
interface of a phase-separated colloid-polymer suspension. It must be emphasized that 
the measurements reported in this work are preliminary. We found that the interface 
can be considered in terms of the diffuse interface model, with gradual changes in the 
colloid and polymer concentration from one phase to the other. No significant change 
of the ellipticity along the chosen trajectories in the two-phase region was found, 
although the refractive index difference, na - nb, between the coexisting phases 
changes along this path. This finding implies that the interfacial thickness increases as 
one approaches the critical point. On the other hand, the composition region studied in 
this work appears to be too far away from the critical point in order to detect an 
increase in ellipticity, which is a signature of critical interfaces. A rough estimate of 
the thickness of the interfacial region yields a value of the order of 10 nm, which is 
not inconsistent with the expected value of the diameter of the colloid particles.  
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Preparation of a colloidal crystal at a wall 
characterized with AFM 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Abstract 
We present a new procedure to prepare high quality colloidal crystals at a wall. 
The method is based on a depletion-induced phase transition at a wall (in a saturated 
bulk fluid), and utilizes the slow sedimentation of the colloidal particles. The wall-
crystals formed were characterized with atomic force microscopy (AFM). 
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5.1 Introduction 
Colloidal particles are increasingly used to study the thermodynamics, kinetics and 
morphology of crystallization as an analogy to atomic systems. The results can be 
used e.g., to optimize the preparation of protein crystals [1]. The colloidal systems are 
interesting as well in their own right. They are used e.g., as photonic crystals [2]. For 
such applications it is important to obtain crystals of high quality, i.e., with large 
single crystalline domains. To accomplish this, several methods are now available, 
although still under investigation. A colloidal crystal can be formed in a fluid-solid 
transition at high concentrations, which can be achieved by sedimentation [3,4]. A 
colloidal crystal can be grown on a template, whose structure influences the structure 
of the crystal formed [5,6]. In a controlled drying method, making use of capillary 
forces between particles in the meniscus, a colloidal crystal can be grown layer by 
layer on a wall [7]. The depletion-induced fluid-solid transition can be used to obtain 
colloidal crystals [8]. These methods have their advantages and disadvantages, also 
depending on the application of the crystals formed. We introduce a new procedure to 
obtain high quality colloidal crystals. This method is based on a depletion induced 
fluid-solid phase transition at a wall. This phenomenon was studied previously in 
binary mixtures from a thermodynamic point of view [9-11]. 
Atomic force microscopy (AFM) was used to characterize the crystals formed. 
AFM was performed on dried samples. The advantage of AFM compared to optical 
microscopy is that the resolution is better, so smaller colloidal particles can be used. 
Furthermore, rather than the layer in contact with the wall, the first few layers that 
were in contact with the suspension are studied.  
This chapter is organized as follows. First we will give a theoretical background of 
depletion induced phase separation in colloid-polymer mixtures in the bulk and at a 
hard wall. Next, we will describe the experiments performed, followed by the results. 
After the discussion, we will end with some conclusions. 
5.2 Theory 
The addition of free, nonadsorbing polymers to a colloidal dispersion can induce a 
phase separation due to the depletion interaction between the colloids [12-20]. This 
phenomenon was first theoretically described by Asakura and Oosawa [12] and later 
by Vrij [13]. It will be discussed here briefly. Around the colloidal particles is a 
region, the depletion zone, from which the mass centers of the polymers are excluded. 
Overlap of the depletion zones, when the colloidal particles approach each other 
sufficiently close, causes an imbalance in osmotic pressure exerted by the polymers. 
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This imbalance induces an effective attraction between the colloidal particles, the 
depletion interaction. The effective interaction potential, U, is given by [13]: 
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with P the osmotic pressure, Voverlap the overlap volume of the depletion zones, r 
the distance between the particle centers, sc the diameter of the colloidal particles, and 
sp the diameter of the polymers. The range of the associated depletion potential 
depends on the size of the polymer; its depth is proportional to the osmotic pressure, 
which in turn is a function of the concentration of the polymers [13]. At low polymer 
concentrations the depletion zone can be considered equal to the radius of gyration of 
the polymers; at higher polymer concentrations a segment density profile description 
for the polymers near the surface is used [21]. When the attraction is sufficiently 
strong (at a high enough polymer concentration), the colloid-polymer suspension 
phase separates into a colloid-rich phase and a colloid-poor one. For polymer to 
colloid size ratios, q, smaller than 0.3 a fluid-solid transition occurs, and for larger 
size ratios, q > 0.3, this fluid phase can also separate into a gas and a liquid phase 
[14,15]. The colloidal phases are called gas, liquid and solid in analogy to atomic 
systems. This means that in the colloidal gas phase the concentration of colloids in the 
solvent is very low, in a colloidal- liquid phase the colloid concentration is higher, but 
the colloidal particles still have a high mobility and no ordering occurs, and finally in 
a colloidal-solid phase the concentration is even higher, the mobility is much 
decreased and ordering is possible. By sedimentation an amorphous or polycrystalline 
material is formed. Its structure, especially its degree of crystallinity strongly depends 
on composition of the suspension and the sedimentation rates [4]. It is found generally 
that near the phase boundary, at a minimum concentration of depletion agents 
required for phase separation, a small region of optimal crystallization is located [22]. 
A flat, hard wall has also a depletion zone from which the mass centers of the 
polymers are excluded. Therefore, overlap of this zone with that of the colloidal 
particles will induce an effective attraction resulting in a number of colloid-rich layers 
in contact with the wall. The overlap volume of a particle and a wall is twice as large 
as that of two particles (see figure 5.1), which implies that the effective attraction is 
larger at a wall (see equation (5.1)). So, at a hard wall the formation of a colloidal 
solid takes place at a lower polymer concentration than in the bulk. For the phase 
diagram this means that the onset to a fluid-solid phase transition at a wall (the 
formation of the first colloidal-solid layer) lies below that of the bulk phase boundary.  
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Figure 5.1: The overlap volume of depletion zones between two particles and between a 
particle and a flat wall. 
In figure 5.2 a schematic phase diagram is given. The straight line indicates the 
phase boundary in the bulk and the dashed line indicates the onset to a phase 
transition at a wall. Furthermore, when the wall-solid is in equilibrium with the bulk 
fluid it is predicted that the wall-solid covers the entire wall [11]. The bulk can now 
be considered as a particle reservoir. This implies that when the chemical potential of 
the wall-solid is lower than that of the wall- fluid, the entire wall should be covered 
with the wall-solid; there will be no coexistence between a wall- fluid and a wall-solid. 
This is in contrast with bulk transitions where the fluid and solid phases can coexist. 
The fact that crystallization at a wall starts at a lower concentration than in the bulk 
was already observed in the late seventies by Hachisu et al. [23].  
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Figure 5.2: Schematic phase diagram for small polymer to colloid size ratios with the 
phase boundary in the bulk (straight line) and the onset of phase separation at a wall 
(dashed line) are indicated. 
A theoretical explanation was first given in 1994 by Kaplan et al. [9] and by Poon 
et al. [10] in the case of binary hard sphere mixtures next to a hard wall. An 
experimental study of a binary mixture next to a wall was reported in 1997 [11], 
which indeed confirmed the theoretical explanation. A direct measurement with AFM 
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of the depletion force between a colloidal particle and a wall in the presence of 
polymers is reported by Milling et al. in 1995 [24]. More recently, the depletion 
interaction between a particle and a wall was investigated theoretically in more detail 
[25], a study of Heni and Löwen [26] reports the influence of a substrate pattern on 
the onset of the surface freezing relative to the bulk freezing point and the structure of 
the phase formed at the wall, and a paper by Lin et al. [27] describes a study of the 
self-assembly of colloidal spheres on periodically patterned templates. 
5.3 Experimental section 
5.3.1 System  
A dispersion of sterically stabilized, spherical silica colloids and 
poly(dimethylsiloxane) polymers (PDMS) in the solvent cyclohexane was used in this 
study. The colloidal particles were used earlier in confocal microscopy [28], and for 
that reason they were fluorescently labeled. In this study this characteristic was not 
used. The particles were coated with 1-octadecanol to provide sterical stabilization. 
The total radius was 115 nm as obtained by light scattering techniques, and with 
transmission electron microscopy the polydispersity was found to be 4.1 %. The 
particle density was established at 1.69 g/ml. The colloidal particles can be considered 
as hard spheres in the solvent cyclohexane [29]. The polymer used is commercially 
available poly(dimethylsiloxane) (PDMS, Janssen). The radius of gyration of the 
polymers was measured by gel permeation chromatography and determined at 14 nm; 
its molecular weight is 97 kg/mol (Mw/Mn = 1.9), and its density is 0.976 g/ml. The 
density of cyclohexane is 0.77 g/ml, and it is very volatile. The phase boundary 
between the colloid-rich and colloid-poor phases in the system described above was 
found by visual inspection of series of samples with varying concentrations of the 
colloidal particles and the polymers. At sufficiently high concentrations of both 
species phase transition was observed. The higher density phase formed is called here 
a solid phase, and the lower density phase a fluid phase, because the size ratio, q, 
between the polymers and the colloids is 0.12, for which a fluid-solid phase transition 
is predicted by theory and computer simulations. Due to gravity both phases sediment, 
but with a different velocity because of the difference in density of the phases. The 
sedimentation velocity of both phases depends on the initial overall concentrations. 
Microscope glass cover slips of Chance Propper Ltd. (West Mids, England), coated 
with 1-octadecanol and hanging in the suspension were used as a wall. In this way the 
properties of the wall could be carefully chosen to be flat and acting as a hard wall by 
coating it in the same way as the surface of the colloidal particles was coated. Now, 
the interaction potential between the glass and the particles differs from that between 
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two particles only by the difference in geometry. The cover slips were cleaned by 
keeping them in chromic acid for at least 24 hours. After rinsing it with demineralized 
water and drying they were placed in a melt of 1-octadecanol at 195° C under a 
nitrogen flow for 3 to 18 hours. Finally, they were cleaned in chloroform to remove 
unreacted 1-octadecanol. After the coating procedure, the surface became 
hydrophobic, shown by the non-wetting of a water droplet (contact angle is larger 
than 90°). With X-ray photoelectron spectroscopy (XPS) and infrared spectroscopy 
(IR) it was checked that the coating was present and chemically bonded to the surface. 
AFM imaging of the coated glass plate gave a typical surface roughness of ± 1 nm for 
a 10 * 10 mm2 scan size. Compared to the diameter of the colloids (230 nm) this is 
sufficiently flat. 
5.3.2 Preparation of the samples 
A sample with colloid volume fraction of 0.053 and a polymer volume fraction of 
0.249 (3.5 mg/ml) was used. In this case the polymer concentration is sufficiently 
high to induce phase separation (see figure 5.2). The coated glass plates were broken 
into smaller pieces. One piece was placed in the suspension for several days. At this 
platelet the wall-crystal was formed. The other pieces were used as a reference at 
various stages and positions in the sample. A schematic overview of the procedure is 
given in figure 5.3.  
 
Figure 5.3: Schematic overview of the procedure for the preparation of the AFM-
samples. 
A cuvet was filled with the homogenized dispersion and placed in the cuvet holder 
of a ‘platelet setup’. Platelet A was fixed to the plate holder and placed into the cuvet 
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(t=0), and the platelet setup was placed in a saturated cyclohexane atmosphere to 
prevent evaporation. After 15 minutes phase separation was observed by the fast 
sedimentation of the higher density phase (solid phase) and a sediment started to 
form. After one hour the solid phase was completely sedimented. Next, the lower 
density phase (fluid phase) sedimented. After one day the sedimentation was a few 
mm, leaving a clear supernatant. After three days the fluid phase was sedimented so 
much that platelet A was now hanging completely in the clear supernatant. At this 
stage it was slowly taken out off the dispersion. Three reference platelets were made. 
Platelet B was doped into the homogeneous dispersion at time t = 0. Platelet C and D 
were made just after platelet A was removed from the dispersion. Platelet C was 
doped into the clear supernatant, and platelet D was doped into the fluid phase. The 
procedure of the doping was kept the same: holding the platelet in the dispersion for 
10 seconds and then slowly taking it out. In general, the platelets were almost 
instantly dry at the air when taken out of the dispersion. This procedure of making 
platelets was repeated with a sample with colloid volume fraction of 0.054 and a 
polymer volume fraction of 0.253 (3.5 mg/ml) to check the reproducibility of the 
experiment. 
5.3.3 Atomic force microscopy 
The AFM measurements were performed with a Digital Instruments Nanoscope III 
Multimode (Santa Barbara California USA) scanning probe microscope equipped 
with an E scanner (maximum lateral scan size 10 mm, maximum vertical scan size 2.5 
mm). It was not possible to measure platelets A - D in contact mode, therefore tapping 
mode, under ambient conditions, was used. To ensure a minimum force on the sample 
care was taken to minimize the drive amplitude and maximize the setpoint value for 
which tip-sample contact was still reached during scanning. Silicon cantilevers 
(Digital Instruments), length 126 um, with a resonance frequency between 298-366 
kHz were used. In all presented AFM images, differences in height are visible as 
difference in gray tones. In this scale, black is low and white is high. AFM could not 
be applied in situ, because the solvent was too volatile. It appeared too difficult to 
prepare the samples (which takes several days) in such a way that it could be 
transferred to the AFM fluid cell with a good control of the concentrations of the 
species involved. 
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5.4 Results 
5.4.1 Phase behavior 
The phase diagram of the colloid-polymer system is shown in figure 5.4. Phase 
separation was determined by visual inspection of samples containing various 
amounts of polymers and colloids. Whether a sample phase separated was observed 
within 15 min by a demixing into two phases. 
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Figure 5.4: Phase diagram determined by visual inspection of a range of samples with 
varying concentrations. The concentrations of the sample used for the AFM-study is also 
indicated (). 
The morphology of the sediment of the systems depends on their overall polymer 
concentration. In the extreme case of no polymers added, Bragg reflections at the top 
of the sediment are observed indicating the formation of crystals. The Bragg planes 
are oriented vertically. However, an amorphous structure at the bottom of the 
sediment always remains. Above the crystal layer there is a very thin, flowing layer, 
which displays a concentration gradient. In the dispersions with polymer 
concentrations, just above those required for the phase transition to occur, crystals 
were observed in the top of the sediment, starting after three days. The crystal layer is 
smaller than in the samples without the polymer and the crystal planes are not 
oriented in the same direction, shown by the Bragg reflections. This indicates that the 
polymer- induced attraction between the colloids has become so strong that many 
small microcrystalline colloid clusters are formed, which are too immobile to allow 
growth of larger clusters at the cost of smaller ones. After 2 days Bragg reflections 
were also observed at the glass wall in the fluid phase of these samples with relatively 
high polymer concentrations. 
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During the preparation of the AFM-samples (see section 5.3.2) small green 
speckles in white light were observed on platelet A after two days. These speckles are 
explained as the Bragg reflections by ordered colloidal particles. After three days the 
Bragg reflections observed at platelet A covered the whole platelet and they became 
more intense, the number of green speckles at the walls of the cuvet was increased, 
and also on top of the sediment speckles were observed. 
5.4.2 AFM-measurements 
AFM measurements on platelet A, which was in the dispersion for three days, 
showed that the platelet was entirely covered with colloidal particles (figure 5.5A).  
 
Figure 5.5: AFM-images of platelet A, which was in the dispersion for three days. The 
scale bars indicate 1 mm, and the arrow show the path in the height image over which the 
cross section profile is given. (A): height image; (B): enlarged height image; (C): Fast 
Fourier Transform of figure (B); (D): cross section profile 
The arrangement of the colloids was regular over large areas and several layers were 
formed. The regularity of the layers is illustrated in figure 5.5B where an enlargement 
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of figure 5.5A is shown. The Fast Fourier Transform (shown in figure 5.5C) of figure 
5.5B indicates once more that the structure is very well ordered and that six nearest 
neighbors surround every colloid. The lateral size of the colloids is in agreement with 
the light scattering value (see figure 5.5D). It was not possible to accurately measure 
the thickness of the layer with cross section analysis. Different values varying 
between 150 and 200 nm were obtained depending on the procedure of flattening or 
plane fitting and the place where the cross section was measured. Besides the 
regularity several types of defects are observed: vacancies and grain boundaries 
within a layer and reconstruction at edges of a layer. 
 
Figure 5.6: AFM-images of platelet B, which was taken from the suspension just after 
homogenization. The scale bars indicate 1 mm, and the arrow show the path in the height 
image over which the cross section profile is given. (A): height image; (B): enlarged 
height image; (C): Fast Fourier Transform of figure (B); (D): cross section profile. 
Representative images of reference platelet B, which was taken from the 
suspension just after homogenization, are shown in figure 5.6. Platelet B was not 
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entirely covered with colloidal particles (figure 5.6A), one layer with a lot of open 
spaces was formed. Only at a few spots (observed in other scans on the same platelet) 
small areas with two or three layers were found. Though the layer consisted of locally 
ordered areas, the long range translational order is absent on this sample, as is proven 
by the FFT spectrum (figure 5.6C) of the area shown in figure 5.6B. The cross section 
profile (figure 5.6D) proved that it is indeed a monolayer of colloids on the substrate. 
Both the thickness of the layer and the diameter of the colloids, as measured from the 
cross section profile, are consistent with the size of the colloids. On reference platelet 
C, doped in the clear supernatant just after platelet A was taken out off this phase, 
only a few colloidal particles on a 10 x 10 mm2 scan were found. Most of the surface 
is covered with an amorphous structure that is most likely the dried polymers. For 
comparison, a polymer solution was made with a volume fraction of 0.245, and a 
coated glass platelet was doped into this polymer solution. The structure on this 
platelet is similar in morphology and height with that on platelet C. Reference platelet 
D, doped in the fluid phase just after platelet A was removed, was covered with 
clusters consisting of 5 - 10 colloidal particles. Between these spots the amorphous 
structure was found again. The second series, made to check the reproducibility, did 
not show any differences in morphology of the structures on the platelets compared to 
the series described above. 
5.5 Discussion 
The process studied here is a combination of phase transition in the bulk, phase 
transition at a wall, and sedimentation. Initially, the fluid phase in the bulk is saturated 
because it is in equilibrium with the bulk solid phase. This means that with respect to 
the wall the fluid is slightly oversaturated. Then sedimentation sets in, which has an 
influence on the concentration of both phases. The sedimenting fluid phase will be 
nearly saturated, although in the upper part the concentration might be decreased, 
which means that it is slightly undersaturated. As a consequence the oversaturation of 
the fluid at the wall is lowered. The fact that a crystal of good quality grows at the 
wall implies that the amount of oversaturation at the wall was neither too high (the 
crystals formed are not polycrystalline) nor too low (the crystals grow). Furthermore, 
the mobility of the colloidal particles is higher at a wall than in the sediment, which 
has a positive effect on the formation of monocrystalline domains.  
The process can be divided into three stages. For a given point on the platelet there 
is a first period (~ one hour) where it is in contact shortly with the homogeneous 
disperion and the rest of the time with the colloidal-solid phase, a second period (a 
few days) where it is in contact with the colloidal- fluid phase, and a third period (< 
one day) where it sees the clear supernatant. In the first time period not only in the 
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bulk the particles are driven together, but there is also an attraction between the 
particles and the wall. The clear supernatant, observed in the second and third time 
periods contains a high polymer concentration, but no colloidal particles. The large 
osmotic pressure exerted by the polymers on the colloidal particles induces a strong 
attraction between the particles in the wall-solid and between the particles and the 
wall. In the third time period the platelet is taken out off the dispersion. 
The structure and ordering observed by AFM in this wall-solid phase is formed in 
the suspension. In the first time period we observe a bulk phase transition and we 
argued already that then there is a phase transition at the wall too. It depends, 
however, on the kinetics, whether this leads to a crystal immediately covering the 
whole surface, or to crystal nuclei, which only partly cover the surface. In the second 
time period crystals grow layer by layer in the first case, whereas in the second case 
first the islands will increase in area until the whole surface is covered by crystals, 
after which layer growth sets in. Only after two days we observed Bragg reflections at 
the wall, implying that only after this time period the crystals grown were thick 
enough to observe them. Other experiments are needed to reveal the mechanism of the 
crystal formation and growth. 
Interesting is also reference platelet B, which was doped in the homogeneous 
dispersion. On the platelet a structure of colloidal particles was observed. However, 
only one incomplete layer was formed and it was not very regular. This structure can 
be formed in the suspension as the result of phase transition at the wall, although it 
was in this suspension only for 10 seconds. In the presence of strong attractions 
between the colloid and the wall one would expect a rapid formation of a colloid-rich 
single layer at the wall, which initially will be poorly ordered. Another possibility is 
that the structure was formed due to capillary forces between the colloidal particles 
when the platelet was going through the meniscus. It was shown by van Blaaderen et 
al. [30] that capillary forces in a drying process drive the colloidal particles together. 
When the drying speed and the relative position of the wall to the dispersion is well 
controlled it is possible to make better monocrystalline structures. However, only 
single layers could be prepared in one step. 
The sedimentation of the particles is essential to minimize the drying effect. After 
some time the platelet is hanging in a part of the dispersion where no colloidal 
particles are present anymore because of sedimentation. Taking the platelet out of the 
dispersion at this stage means that by pulling it through the meniscus no extra 
colloidal particles will be driven to the plate. Only a small shrinkage of the wall-solid 
phase could possibly happen, which could lead to some cracks in the layers (which we 
did not observe). The platelets dried very fast, on the order of a second, after being 
taken out of the suspension. It is possible that a layer of dried polymers, small in 
comparison with the diameter of the colloidal particles, is superimposed on top of the 
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wall-solid. It is important to realize that the sedimentation rate should not be too fast, 
because the wall needs to be in contact with the bulk fluid for some time to obtain 
large wall-crystals. 
After three days it was found with AFM that the wall is entirely covered with wall-
crystal, and it consists of several layers. This indicates that the coexistence between 
the wall-solid and the bulk fluid had come (close) to equilibrium already within a few 
days. We can compare this with the study by Dinsmore et al. [11] of the coverage of a 
wall in a binary mixture as a function of the smaller species (the depletion agents, 
acting in a similar way as the polymers in our case), where the bulk fluid phase was 
undersaturated (and the wall- fluid was saturated). Here, the wall-crystal covered the 
whole surface only after a long time (weeks until months). We suggest that the slight 
oversaturation of the wall- fluid in our case, as a consequence of the presence of the 
saturated bulk fluid, enhances the phase transition into a crystal at this wall. This 
implies that the procedure described here makes it possible to prepare an ordered 
colloidal structure of many layers at a flat, hard wall within a relatively short period. 
5.6 Conclusions 
We described a method to prepare colloidal crystals at a wall in a colloid-polymer 
suspension. The procedure involves three processes: phase transition in the bulk, 
phase transition at a wall and sedimentation. The fluid-solid phase transition in the 
bulk is used to obtain a saturated bulk fluid phase. Initially, when the wall is in 
contact with the colloidal-solid phase a large number of small nuclei are formed. This 
formation we refer to as a fluid-solid wall phase transition. In the next stage, where 
the wall is in contact with the saturated bulk fluid phase the nuclei grow to larger 
crystals. The fact that the fluid phase is oversaturated at the wall (but saturated with 
respect to the sediment) has the effect that the formation and growth of a crystal at the 
wall is relatively fast. Furthermore, the first layer formed on the wall might act as a 
template in the crystal growth, resulting in a crystal with large single crystalline areas 
(only a few defects were observed) and consisting of several layers. The 
sedimentation of the bulk solid phase and later on the sedimentation of the bulk fluid 
phase causes that in the final stage the solution in contact with the wall does not 
contain any colloidal particles. Drying the wall-crystal by taking it out of this solution, 
which does not contain any colloidal particles, implies that no extra colloidal 
structures on the wall are formed by capillary forces when pulling it through the 
meniscus. Thus the quality of the crystal is not influenced by drying it. The fact that 
the crystal is formed on a wall can be an advantage in applications, because the wall 
can act as the carrier of the crystal. Furthermore, we have shown that AFM is a useful 
technique to study wall-crystals formed in colloid-polymer suspensions.  
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Crystals in sediments of colloid-polymer 
suspensions studied with SAXS 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Abstract 
The structures of sediments in colloid-polymer suspensions were studied with 
small-angle X-ray scattering with a synchrotron source as a function of the polymer 
concentration. The form factor of the colloidal particle, the 2D-structure factors and 
the associated autocorrelation functions of the particle positions were obtained from 
the measured diffraction patterns. The formed colloidal crystals were of high quality. 
We discuss the determination of the three-dimensional stacking from these two-
dimensional data. 
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6.1 Introduction 
The formation and morphology of crystals in colloidal suspensions is of general 
interest. Colloidal crystals formed in a fluid-solid transition at high concentrations 
(obtained by sedimentation) have been studied previously [1,2]. In the case described 
in this chapter, the phase separation is induced by the addition of nonadsorbing 
polymers, and subsequently the coexisting phases sediment because of the density 
difference between the colloidal particles and the solvent. We observed an influence 
of the concentration of polymers added to the colloidal dispersion on the macroscopic 
appearance of crystals in the sediment. At zero polymer concentration Bragg 
reflections at the top of the sediment are observed indicating the formation of crystals. 
The Bragg planes are oriented vertically. The bottom part of the sediment always 
remains amorphous. Above the crystal layer there is a very thin, fluid layer, which 
displays a concentration gradient. At polymer concentrations, below the phase 
boundary, a crystal was observed only in the upper part of the sediment, after about a 
week. This structure had no vertical oriented planes, but consisted of smaller 
crystalline domains. At even higher polymer concentrations, just above the phase 
boundary, the crystal layer was smaller. The sediment of the phase separated sample 
showed only some very small crystal domains on top of the sediment. In suspensions 
with an even higher polymer concentration, the sediment has only an amorphous 
structure. 
These macroscopic observations were the motivation to investigate the influence of 
the polymer concentration on the microscopic structure in situ. For this purpose small-
angle X-ray scattering (SAXS) is a suitable technique [3-5]. The colloidal particles 
used here had a diameter of 230 nm, and because they are made of silica the scattered 
intensity is high. With the SAXS instrument of the beam line DUBBLE at the ESRF 
in Grenoble it is possible to probe a wide range of relevant reciprocal space with a 
two dimensional detector. The synchrotron source has the advantage that the beam is 
highly monochromatic, it can be focussed on a small volume and it has a high flux, so 
the data acquisition time is short. 
6.2 Experimental section 
6.2.1 System 
A dispersion of sterically stabilized, spherical silica colloids and 
poly(dimethylsiloxane) (PDMS) polymers in the solvent cyclohexane was 
investigated. The steric stabilization of the colloidal particles was provided by a 
coating of 1-octadecanol. The radius of the particles was determined using several 
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techniques, as described in reference [6]. With static and dynamic light scattering a 
hydrodynamic radius of 115 nm was obtained, with a sedimentation experiment the 
radius was established at 109 nm and from the observed Bragg reflection the radius 
was estimated at 110 nm. The polydispersity was found to be 4.1% and the dumbbell 
fraction 0.036 with transmission electron microcopy. The particle density was 
established at 1.69 g/ml. The colloidal particles can be considered as acting as hard 
spheres in the solvent cyclohexane [7]. The polymer used is commercially available 
poly(dimethylsiloxane) (Janssen). The radius of gyration of the polymers was 
measured by gel permeation chromatography and static light scattering and 
determined at 14 nm; its molecular weight is 97 kg/mol (Mw/Mn = 1.9), and its density 
is 0.976 g/ml. The density of the cyclohexane is 0.77 g/ml, and it is very volatile. 
6.2.2 Phase behavior 
At sufficiently high concentrations of polymers and colloidal particles the 
suspension phase separates into a colloid-rich and a colloid-poor phase. For size 
ratios, q, smaller than 0.3 (q is defined as the quotient of the radius of gyration of the 
polymer over the colloid radius), a fluid-solid phase transition is predicted from 
theory. In this case the size ratio is 0.12, and therefore we call the colloid-rich phase a 
colloidal-solid phase, and the colloid-poor phase a colloidal- fluid phase. The phase 
boundary between the one-phase and the two-phase regions was obtained by visual 
inspection (figure 6.1). A few samples with high concentrations were prepared. After 
homogenization by shaking, it was checked for demixing, which is shown by a 
sedimentation front between the upper colloidal- fluid phase (brighter) and the lower 
colloidal-solid phase (darker) and the appearance of a sediment at the bottom. Then 
the suspension was diluted with the solvent and the procedure was repeated until the 
concentrations  were too low for phase separation to occur. Whether a suspension 
phase separates was seen within a short time. In the two-phase region a suspension 
shows demixing into two bulk phases within the first 15 minutes after 
homogenization. The solid phase has the highest density and sediments completely 
within one hour. The sedimentation rate depends on the initial concentrations of 
colloids and polymers in the homogeneous suspension. The fluid phase has a lower 
density and sediments within a few days. The clear supernatant contains only 
polymers. An overview of the stages of this phase separation are given in figure 6.2.  
6.2.3 SAXS measurements 
Synchrotron small-angle X-ray scattering (SAXS) measurements were performed 
on the BM 26 DUBBLE beam line of the European Synchrotron Radiation Facility 
(ESRF) in Grenoble. The beam was monochromatic with a wavelength of 1.4 Å (9 
keV). The beam size at the sample was about 0.35 mm * 0.5 mm. The flux is  
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Figure 6.1: The phase diagram of the suspension. The experimentally obtained phase 
boundary and the compositions of the SAXS samples are indicated. 
Figure 6.2: An overview of the stages of the phase separation and following 
sedimentation in the colloid-polymer suspensions. 
maximally 2 * 1011 photons per second. A two-dimensiona l gas-filled detector was 
used that was located at the maximum distance of 8 m from the sample. All samples 
were measured in flat capillaries with an internal path length of 0.2 mm, width 4 mm 
and 2*0.15 mm thick walls (Vitro Dynamics). The typical integration time was 1-3 
minutes. The q-range was calibrated with a rat-tail collagen. 
Different samples were prepared with varying colloid and polymer volume 
fractions as indicated in figure 6.1. The relative positions in the phase diagram with 
respect to the phase boundary are shown in figure 6.1. A range of samples was made 
with a constant concentration of colloidal particles and a varying concentration of 
polymers. Because it was observed previously that at polymer concentrations much 
higher than the phase boundary no crystals are formed in the sediment, the polymer 
concentrations were chosen relatively low. The capillaries were filled with the 
suspension, making use of capillary rise, just after the suspension was homogenized 
by extensive shaking. Because the solvent cyclohexane is very volatile, special care 
was taken to seal the capillaries. A two-component epoxy glue (kombi snel, Bison) 
was placed on both ends. This appeared a proper sealing method. By weighing the 
capillary again after a few weeks it was ascertained that no solvent was evaporated in 
the meantime. 
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6.3 Results and discussion 
The diffraction patterns from the samples indicated in figure 6.1 were measured, as 
well as a capillary filled with the solvent cyclohexane and a capillary filled with a 
dispersion of the colloidal particles with a volume fraction of about 0.01. In a few 
samples the scattering was measured at several heights in the sediment to investigate 
the influence of the pressure on the structure. 
The 2D diffraction patterns were corrected for the detector response, which was 
measured using a radio-active source. The background scattering was determined by 
measurement of the scattering pattern of a capillary filled with the solvent. The 
background scattering was subtracted from the diffraction patterns. Finally, the 
diffraction patterns were normalized to the sample transmission. The analysis of the 
measured data involved a few steps. Firstly, the form factor of the colloidal particles 
was determined, which corresponds to the diffraction pattern of the dilute colloidal 
suspension. Secondly, the 2D structure factors were extracted by dividing the 
diffraction pattern with the 2D form factor. Thirdly, to switch from reciprocal space to 
real space, the Fourier transform of the diffraction patterns was determined. This 
yields projections of the autocorrelation function of the density in real space, which is 
a map of the vectors that connect particle positions, known as the Patterson map [8]. 
A real space image of the structure cannot be obtained from the diffraction patterns 
because of lack of information of the phases. Fourthly, the autocorrelation function 
was interpreted by comparison with calculated autocorrelation functions of various 
crystal packings: face-centered cubic packing (fcc), hexagonal close packing (hcp) 
and random close packing (rcp). 
The 2D form factor was determined by measuring the diffraction pattern of the 
dilute colloidal suspension. The image was radially averaged to obtain better statistics. 
The 1D form factor is shown in figure 6.3. The observed fringes are caused by the 
interference of contributions from different parts of the particle. The presence of the 
high number of fringes indicates a low polydispersity of the particles. In figure 6.4 the 
scattered intensity times the fourth power of q as a function q (Porod plot) is shown. 
The positions of the minima and the maxima in the Porod plot were determined, see 
figure 6.5. The slope of the line in this plot determines radius of the particles, which 
was established at 112 nm. This is in agreement with previous experiments. 
In figure 6.6 the diffraction pattern, the 2D structure factor and the Patterson map 
are given of a sample with a colloid volume fraction of 8% and a polymer volume 
fraction of 9%. We see many sharp high-order spots in the diffraction pattern and the 
structure factor. The X-ray intensity varies by about five orders of magnitude. In the 
Patterson map the center (O) is indicated, as well as the six nearest neighbors within 
the hexagonal plane (N) and the ones in the second (NN) and third shells (NNN). The  
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Figure 6.3: The scattering cross section Figure 6.4: The Porod plot of the 1D  
as a function of the scattering vector q  form factor of the colloidal particles. 
of the dilute colloidal suspension;    
the 1D form factor.      
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Figure 6.5: The positions of the minima and maxima of the fringes in figure 4 as a 
function of the order of the minimum. 
 
Figure 6.6: The various steps of the data treatment for a sample with an colloid volume 
fraction of 8 % and a polymer volume fraction of 9 %. A: diffraction pattern; B: 2D 
structure factor; C: Patterson map. 
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dots (S) correspond to the projections of the nearest neighbor positions in the planes 
above and below. The split of the dots arises due to a small tilt of 3.5° of the whole 
structure with respect to the incident X-ray beam. This sample will be analyzed in 
more detail below. In figure 6.7 the 2D structure factors and the Patterson maps are 
given of two samples with colloid volume fraction of 5% and with varying polymer 
volume fraction of 8% and 9% respectively. We observe again many sharp spots in 
the structure factors. The spots of the nearest neighbors in plane are clearly observed 
(indicated with ‘N’). The positions of the neighbor particles in the plane above and 
below are not projected on the same spot, but are shifted. This makes the image more 
complex. In figure 6.7D the tilt of the hexagonal planes with respect to the incident 
beam is large, on the order of 60°. The hexagon formed by the nearest neighbors in 
plane is deformed because of the projection of the tilted planes. 
 
Figure 6.7: Crystal in a sample with an overall colloid volume fraction of 5 % and a 
polymer volume fraction of 5% (A, B) and 8% (C, D). On the left 2D structure factor; 
and on the right the Patterson map. 
Chapter 6 
74 
An important issue is the determination of the stacking of the colloidal crystals 
from these 2D SAXS data. Wilson [9] has introduced the parameter a to characterize 
the fcc, hcp and rcp crystal packings. Consider a hexagonal layer with a position A. 
The second layer can be either in the B or C position. In an hcp stacking the third 
layer is at the same position as the first layer (ABAB.., or ACAC..), while in the fcc 
stacking the third layer is unlike the first and the second (ABCABC..:’on the right’, or 
ACBACB..: ‘on the left’). The parameter a is equal to one for fcc and equal to zero 
for hcp. Any intermediate value of a characterizes random close packing, with 
possible preference for hcp, a < 0.5, or fcc, a > 0.5. For a = 0.5 the crystal has a 
'classical' random close packed structure with equal chances of an fcc or an hcp 
sequence. The particle positions in the further planes (next nearest, next-next nearest, 
etc.) above and below the starting plane can also be seen, albeit less clear, in the 
Patterson map. Due to the tilt their positions are further shifted, leading to formation 
of lines. The overlap between the points is caused by the q-space truncation at the 
detector edges. The determination of the a parameter and the distinction between 
possible 3D crystal structure is therefore easier in the q-space. In figure 6.8 we show 
the cross sections through the q-space lattice for fcc, hcp and rcp crystals. The 
parameter qz corresponds to the direction normal to the hexagonal layers. This is the 
(001) direction for hcp crystal and (111) for fcc. The parameter qx is the stacking 
direction for the hexagonal layers, it corresponds to the (100) direction for hcp 
crystals and the (211) direction for fcc.  
Figure 6.8: Cross section of the q-space lattice for fcc, hcp and rcp crystals. 
For certain values of qx the q-lattice spots, which are shown in figure 6.8 by black 
spheres, coincide along the qz direction for all three packings. However, for other 
values of qx there is a distinct difference between the q-space lattices. The hcp lattice 
possesses then two series of spots, stronger and weaker ones, which are shown by 
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larger and smaller hexagons, respectively. The q-space lattice of fcc crystals stacked 
'on the left' and 'on the right', are shown by two distinct half- filled squares. The 
random-stacking crystals possess no sharp spots but rods, which are schematically 
shown by vertical lines. 
The 2D structure factor shown in figure 6.9 (this figure is an enlargement of figure 
6.6B) is a cut through the 3D q-space by the scattering plane. The lines of strong 
scattering spots, which are seen in the ‘A’ direction, correspond to the q- lattice sites 
shown by spheres in figure 6.8. In the ‘B’ direction, however, these bright spots 
quickly disappear because of the small tilt of the structure. The scattering plane then 
cuts through the 3D q-space at finite values of qz, i.e., under an angle of 3.5° with 
respect to the qx-axis in figure 6.8. The scattering peaks can then be seen only at 
positions where the scattering plane crosses the scattering rods of random stacking 
crystal. The intensity of these scattering peaks is seen to increase and pass a maximum 
in the ‘B’ direction because the scattering rods are cut at different qz positions. To 
quantify this intensity variation the following procedure has been adapted. Firstly, for 
each spot the X-ray intensity is summed over all pixels within a distance of 3.5 pixels 
from the peak center of the spot (total of 37 pixels). The background contribution is 
estimated by taking an average of the X-ray intensity within a ring around the spots 
separated from the center by more than 3.5 but less than 5 pixels (total of 32 pixels). 
This background contribution is subtracted from the total spot intensity. These spot 
intensities are then averaged over lines of pixels in the ‘A’ direction, such as the 
dotted line in figure 6.9. In figure 6.10 we show the resulting averaged spot intensities 
for each line of spots as the function of the line distance from the image center and 
compare this with the calculated intensity variation along the rods for a few a - 
values. Each third line of spots corresponds to the positions where the scattering plane 
crosses through or misses the bright spots (shown as spheres in figure 6.8), indicated 
as gray bars. The other lines of spots correspond to the scattering rods crossed at 
different qz (indicated as white bars). The three lines are the calculated intensity 
variations along the rods for a = 0.5 (‘classical’ random stacking), a = 0.4 (random 
stacking with a small preference of hcp structure) and a = 0.6 (rcp with small 
preference for fcc). One can see that our results closely follow the line of a = 0.5. For 
a = 0.4 the intensity variation is far too narrow around the maximum, while for a = 
0.6 the maximum already splits and the dependence becomes too broad in comparison 
with the experimental data. Therefore, we conclude that the crystal has a random- 
close packed structure with a = 0.5 + 0.05. 
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Figure 6.9: The 2D structure factor of a sample with an colloid volume fraction of 8 % 
and polymer volume fraction of 9 %. 
 
Figure 6.10: Averaged intensities of the spots. 
The same crystal of figure 6.6 and 6.9 was measured a second time in a more 
recent measurement session. The measuring conditions were the same as mentioned 
above except for the beam intensity and the beam spot size. The beam intensity was 
10 to 20 times lower, which resulted in lower statistics of the scattering images. The 
size of the beam spot on the sample was larger, about 0.35 mm * 1.5 mm, which made 
it more difficult to find one crystalline domain as large as the beam spot size. The 
experimental setup was now established with a rotational stage, which allows to rotate 
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the sample over three axes. It was possible to orientate the sample with the crystal 
planes normal to the incident X-ray beam and rotate it. A few structure factors (above) 
and the associated Paterson maps (below) are given in figure 6.11. Figure 6.11A 
corresponds to the position of the crystal planes normal to the incident beam. The 
orientation in figure 6.11B and 6.11C correspond to a rotation over 10° and 20°, 
respectively. Figure 6.11A shows that all planes are normal to the incident beam, 
since all spots in the Patterson map merge. The intensity of the nearest neighbors in 
plane and the ones above and below are of the same intensity. In figure 6.11B only the 
central line of intensive spots are observed. In figure 6.11C each second line of 
intensive spots (compared to figure 6.11A) re-appear. Rotation of the sample makes 
different cross sections through the reciprocal space. For an fcc packing spots in 
between the bright ones are expected at a rotation over 20°, and for hcp they are 
expected at a rotation over 15°. The rcp rods of low intensity are expected at the 
positions in between the bright spots. The accuracy of these measurements was not 
high enough to resolve the weaker spots arising from the rods. It is, however, likely 
that the structure of this crystal is rcp, since no  spots are observed in between the 
bright ones, Which is in agreement with our previous assignment described above 
(figure 6.6, 6.9 and 6.10) 
 
Figure 6.11: Structure factors (above) and Patterson maps (below) of a sample with an 
overall volume fraction of 8 % of colloids and 9 % of polymers. A: normal to incident 
beam; B: rotation over 10°; C: rotation over 20°. 
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Figure 6.12 shows the 2D structure factor and autocorrelation function of the 
amorphous part in the sediment of a sample with overall volume fraction of 7 % of 
colloids and 15 % of polymers. In the autocorrelation function a prominent circle is 
observed, which radius is equal to the diameter of the colloidal particle. The absence 
of spots indicates that this structure does not contain long rang ordering. 
 
Figure 6.12: The amorphous part in the sediment of a sample with an overall volume 
fraction of 7 % of colloids and 15 % of polymers. A: 2D structure factor; B: Patterson 
map. 
For one sample a series of diffraction patterns were measured along a few mm of 
the vertical axis. The 1D structure factors were determined from these images. No 
significant dependence on the height position was found for this height range. 
At the moment, the analysis of patterns of samples with varying amounts of 
polymers added did not give an obvious trend in the microscopic structure of the 
colloidal crystals as a function of the polymer concentration. In order to determine the 
crystal structure unambiguously, more information is needed. Measurement of the 
diffraction patterns at various angles of the beam to the crystal can give this 
information. Comparing the Patterson maps of these images with the calculated ones 
for different crystal packings at various angles will enable us to distinguish the 
various packings. 
 
An important question concerns the quality of the colloidal crystal. In the 
scattering field (cf., figures 6.7A, 6.7C, and 6.9) many sharp diffraction spots of very 
high order can be seen, which is an indication of a high crystal quality. The width of 
the spots is only a few detector pixels and is limited by the instrument resolution and 
not by the crystal quality. In the Patterson map (figures 6.6C, 6.7B and 6.7D) the 
positions of the nearest neighbor particles form sharp spots, whose size is governed by  
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Figure 6.13: The variation of the spot intensity. 
the q-space truncation at the detector edge, rather than the loss of particle-particle 
correlation. However, from the data one can estimate the spot width in the qz direction 
(normal to hexagonal planes). Figure 6.13 displays the variation of the spot intensity 
along the spot line marked by an arrow in figure 6.9. The spot of the –6th order is very 
much brighter than any other is. In fact, this is the brightest spot in the whole 2D 
structure factor image. This is presumably because the tilt direction is slightly 
different from the ‘B’ direction, indicated in figure 6.9, and the scattering plane comes 
closest to the center for this diffraction spot. The diffraction spots of –7th and -5th 
order are significantly lower because the scattering plane comes close to their 
positions at small finite qz, which can be estimated from the image as about 2% of the 
qz separation between two subsequent spots at qx = 0. Since the spot intensity drops by 
more than the factor of e (the natural logarithm base) by going from the –6th spot to its 
neighbors, one needs to sum coherently the contributions of at least 1/0.02=50 
hexagonal layers in the scattering pattern. Thus, although the crystal has a randomly-
stacked sequence of hexagonal planes, the planes are well-ordered and come to well-
defined (A, B or C) positions after so many planes. We think that this (absence of the 
long-range order and high quality) is a very non-trivial result. 
6.4 Conclusions 
We studied the microscopic structure of the sediments in colloid-polymer 
suspensions. We were able to determine the 2D structure factors and the associated 
Patterson maps from the diffraction patterns. No strong effect of the polymer 
concentration on the microscopic structure of the crystal was observed so far. The 
determination of the packing of one sample was discussed in detail. We show that the 
stacking probability a of this sample was equal to 0.5, which means that is has a 
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random close packed structure with equal chances of an fcc or an hcp sequence.. It is 
clear that the crystals were of high quality.  
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Investigation of fluorescent PMMA-particles 
suspended in various solvents for use in CSLM 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Abstract 
We investigated the use of fluorescently labeled PMMA-particles for confocal 
scanning laser microscopy (CSLM). The behavior of the particles was studied in three 
different solvents: hexane, a mixture of tetralin, cis-decalin and carbon tetrachloride 
and a mixture of cycloheptylbromide and cis-decalin. The stability of the particles and 
the matching of the index of refraction and of the density in the suspending solvents is 
studied. 
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7.1 Introduction 
Recently, we synthesized fluorescently labeled poly(methylmethacrylate) (PMMA) 
- particles [1]. Guided by the work of [2], we prepared NBD-labeled PMMA-particles. 
Furthermore, we were able to synthesize RITC-labeled PMMA-particles. In both 
cases the dye is covalently bonded inside the PMMA-latex. Particles with a wide 
range of diameters were synthesized: from 60 nm up to 4 mm. The polydispersity is 
relatively high at small diameters, 14 % for 200 nm diameter, but for only a slight 
increase in diameter the polydispersity has already decreased substantially, 6.5 % for 
400 nm diameter. At even larger diameters the polydispersity is very low, 3 % for 4 
mm diameter. The NBD- and the RITC-labeled particles are distinguishable in a 
mixture by the different emission wavelengths of the incorporated dyes. In this study 
we will mainly consider the NBD-labeled PMMA-particles, which were made by 
dispersion polymerization at 80 °C by a single step process, following the method of 
Antl. [3]. The fluorescent dye bonded to a coupling agent (4-
methylaminoethylmethacrylate-7-nitrobenzo-2-oxa-1,3-diazol: NBD-MAEM) was 
incorporated during the polymerization reaction. The resulting PMMA-particles were 
subsequently sterically stabilized by a layer of 10 nm of PHS, a graft copolymer 
consisting of a backbone of methacrylate and glycidyl methacrylate monomers in a 
weight ratio of 10 : 1, with tails of poly(12-hydroxystearic acid) attached to some of 
the glycidyl methacrylate monomers. The stabilizer is chemically bonded by a locking 
reaction at 130 °C. Figure 7.1 gives a scanning electron microscopy picture of the 
particles. The synthesis of the RITC-labeled PMMA-particles follows the same 
procedure, except that the coupling agent here is 4-aminostyrene. Closely related to 
the fluorescent PMMA-particles investigated here are PMMA-particles with a core of 
FITC-labeled silica, of which the synthesis is described in ref. [4]. 
 
Figure 7.1: SEM-picture of NBD-labeled PMMA-particles with a diameter of 1.2 mm. 
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PMMA-particles have been studied extensively as a colloidal model system of 
nearly hard spheres [5-8]. The availability of the fluorescent particles described above 
opens new possibilities for study. Here, we investigate the use of these particles in 
fluorescent confocal scanning laser microscopy (CSLM). The usefulness of this 
technique to study colloidal suspensions is already shown by various recent studies 
[6-8]. In particular, CSLM allows the investigation of structures and dynamical 
processes of colloidal systems in real space and in real time on a particle level. 
Compared to conventional optical microscopy the advantage is that out-of-focus blur 
is essentially absent from confocal images due to a pinhole in front of the detector [9]. 
This enables one to scan the sample and to make a series of optical sections of the 
sample without disturbing it. 
The suspending solvent used in such studies should meet certain requirements. 
First of all, the particles have to be stable in the solvent; this applies for both the 
PMMA-latex and the fluorescent dye incorporated. Secondly, the index of refraction 
of the particles and the solvent have to be almost equal to be able to investigate the 
bulk of a sample. Thirdly, to minimize the disturbance caused by gravitational forces, 
which can be substantial for these relatively large colloids, the density difference 
between the solvent and the particles has to be small. With these three requirements in 
mind, we investigated the behavior of the particles in three different solvents: hexane, 
a mixture of tetralin, cis-decalin and carbon tetrachloride and a mixture of 
cycloheptylbromide and cis-decalin. We used two sizes of NBD-labeled PMMA-
particles, which were both made by a single step dispersion polymerization: particles 
A with a diameter of 1.2 mm and particles B with a diameter of 3.9 mm. 
In this study image analysis programs, similar to the ones described by Crocker 
and Grier [10], were used to calculate the radial distribution g(r) in two dimensions of 
the confocal images. The first peak in g(r) gives the position of the first neighbor 
particle, which we call here the spacing between the particles. 
7.2 Hexane 
Hexane was investigated because it is used in the cleaning of the particles after the 
preparation and it was observed that the particles are stable in this solvent. Hence, it is 
a good solvent to study the shape of the particles. A confocal image of particles A in 
hexane at the lower wall is given in figure 7.2A. An important observation is that it is 
possible to image these particles individua lly in two dimensions. The position of the 
particle in three dimensions however, can not be determined unambiguously. The 
axial resolution of the microscope is 600 nm, which means that the point spread 
functions of the particles used here overlap when they are close together. Only for 
particles with a large enough non-fluorescent shell around a fluorescent core, the 
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spacing between the fluorescent areas would be large enough to determine its position 
in three dimensions. From the g(r), given in figure 7.2B,  we deduce that the 
interparticle spacing is 1.2 mm, indicating no swelling of the particles in this solvent. 
There are many peaks in g(r), which points towards a low polydispersity. 
 
Figure 7.2: A: particles A in hexane; B: g(r) of particles A in hexane. 
The index of refraction of the particles (1.50) does not match that of hexane, which 
has an index of refraction of 1.37. The consequence is that only the first layer at the 
wall of the container could be observed clearly, two more layers were only seen 
vaguely. Furthermore, the density difference between the solvent and the particles is 
large (~ 0.6 g/ml), causing fast sedimentation. Therefore, this solvent is not suitable to 
study bulk processes, although important characteristics of the particles such as their 
shape, size and polydispersity can be studied. 
7.3 Mixture of tetralin, cis-decalin and carbon tetrachloride 
In a recent study by Kegel and van Blaaderen [7] PMMA-particles with an FITC-
labeled silica core suspended in a mixture of tetralin / cis-decalin / carbon 
tetrachloride in volume fraction ratios of 52.6 / 1.4 / 46.0 % were used in confocal 
microscopy. The particles were stable, the index of refraction was matched and the 
density difference between the particles and the solvent was very small, on the order 
of 0.01-0.001 g/ml. So, this solvent mixture meets all three requirements for this 
specific particle. Because of the similarity with our particles we investigated the use 
of this solvent mixture in our case. 
Particles B (diameter is 3.9 mm) were dispersed in this mixture of 52.6 % tetralin, 
1.4 % cis-decalin and 46.0 % carbon tetrachloride. Macroscopically, the system  
Investigation of fluorescent PMMA-particles suspended in various solvents for use in CSLM 
85 
 
Figure 7.3: Particles B in 52.6 % tetralin / 1.4 % cis -decalin / 46.0 % carbon 
tetrachloride. 
showed Bragg reflections after some time (weeks to months, depending on the volume 
fraction), indicating that a crystal is formed. The spacing was determined from the 
diffraction pattern at 4.7 mm. Next, the same system was studied with CSLM. A 
confocal image is given in figure 7.3. The spacing of 4.69 mm is in good agreement 
with the diffraction result. In this mixture the bleaching of the fluorescence was much 
faster compared to the bleaching in hexane, and the particles looked deformed. The 
large spacing can not only be explained by swelling of the particles. It is likely that 
the particles have charge in this specific solvent mixture, implying that these particles 
cannot be treated as hard spheres in this solvent mixture. The observed deformation 
can be deformation of the PMMA or it can be due to quenching of the fluorescent dye 
near the edges. In the confocal image the signal comes from the fluorescent dye, not 
from the PMMA. No deformations were observed in the core-shell particles 
suspended in the same solvent mixture. In the core-shell particles the fluorescent dye 
is not in contact with the solvent, because the silica core is not penetrable by the 
solvent. 
So, although this specific solvent mixture is suitable for the fluorescent core-shell 
particles [7], it meets only two of the three requirements in the case of our fluorescent 
PMMA-particles. The most important one, the stability of the particles, is not 
satisfied. The next step was to investigate whether the stability could be improved by 
changing the volume ratios of the three solvents involved: tetralin, cis-decalin and 
carbon tetrachloride. 
It appeared that with an increase of the amount of tetralin, and a decrease of carbon 
tetrachloride, the deformation and bleaching were even stronger. In figure 7.4 a time 
series of particles B in the solvent mixture 67.5 % tetralin, 0.6 % cis-decalin and 31.9 
% carbon tetrachloride is given. Within two weeks after transferring the particles into  
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Figure 7.4: Particles A in 67.5 % tetralin / 0.6 % cis -decalin / 31.9 % carbon 
tetrachloride; A: after 11 days; B: after 47 days; C: after 67 days. 
this solvent mixture, no deformations were observed, but the spacing is large and the 
bleaching is fast. In the image taken after 47 days we did observe the deformations. 
The amount of fluorescence is also decreased. After another 20 days, the amount of 
fluorescence is almost negligible. On the other hand, the deformations and the strong 
bleaching of the particles were not observed in a solvent mixture with a high amount 
of cis-decalin. In figure 7.5 a confocal image is given of particles B in the solvent 
mixture 22.4 % tetralin, 53.5 % cis-decalin and 24.1 % carbon tetrachloride. The 
spacing is 3.86 mm, no deformations were observed within 4 months and there is a 
normal rate of bleaching. 
 
Figure 7.5: Particles B in 22.4 % tetralin / 53.5 % cis -decalin / 24.1 % carbon 
tetrachloride. 
So it turned out that it is possible to stabilize the particles with an increase of the 
amount of cis-decalin. In that case, the particles are matched for the index of 
refraction well enough. However, the density difference becomes on the order of 0.2 
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g/ml, which is comparable to that in conventional solvents for PMMA (~ 0.3 g/ml). 
So now the requirement of a small density difference is not fulfilled. The density 
difference can be lowered by decreasing the amount of the cis-decalin. A compromise 
was found, finally, in the solvent mixture of 36.0 % tetralin, 31.5 % cis-decalin and 
32.5 % carbon tetrachloride. Figure 7.6 is an image of particles A (diameter is 1.2 ìm) 
in this solvent mixture. The particles were stable for a long time in this mixture (at 
least several months), the index of refraction was very close to that of the particles, a 
difference on the order 0.005, and the density difference is on the order of 0.1 g/ml, 
which implies a small sedimentation rate. The spacing is 1.2 mm, equal to the 
diameter of the particles. 
 
Figure 7.6: Particles A in 36.0 % tetralin / 31.5 % cis -decalin / 32.5 % carbon 
tetrachloride. 
Fluorescence measurements 
In order to detect the influence on the fluorescence of the three components of the 
solvent mixture, fluorescence and absorption spectra were measured of particles A 
and of the dye bonded to the coupling agent (NBD-MAE) in four solvent mixtures 
with different concentration ratios of tetralin, cis-decalin and carbon tetrachloride. In 
table 7.1 the volume ratios are given for the four solvent mixtures. Solvent 1 was the 
mixture we found convenient to use, solvent 2 was the mixture as used by Kegel and 
Van Blaaderen [7], in solvent 3 the amount of tetralin was increased (compared to 
solvent 1) at the expense of cis-decalin, and in solvent 4 the amount of carbon 
tetrachloride was increased (compared to solvent 1) at the expense of cis-decalin. 
Fluorescence spectra were measured with a Spex Fluorolog. The excitation 
wavelength used was 450 nm and the emission was recorded from 465 nm up to 700 
nm. Some of the spectra are given in figure 7.7A. The peak areas are given in figure 
7.8A and 7.8D for the NBD PMMA-particles and for NBD-MAE, respectively,  
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Table 7.1: concentration ratios of the four solvent mixtures 
mixture tetralin 
v/v % 
cis -decalin 
v/v % 
carbon tetrachloride 
v/v % 
solvent 1 36.0 31.5 32.5 
solvent 2 52.6 1.4 46.0 
solvent 3 56.0 11.5 32.5 
solvent 4 36.0 11.5 52.5 
 
normalized by the first measurement. Absorption spectra were measured with a 
Varian Cary 1 spectrophotometer between 200 nm and 800 nm. Some of the spectra 
are given in figure 7.7B. The extinction at 450 nm, corrected for non-zero baselines, is 
given in figure 7.8B and 7.8E, also normalized by the first measurement. Finally the 
values for the peak area divided by the extinction are given in figure 7.8C and 7.8F. In 
the following paragraph the volume ratios of the three solvents are given as: (% 
tetralin / % cis-decalin / % carbon tetrachloride). 
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Figure 7.7: Spectra of the NBD-labeled PMMA-particles and the coupled dye NBD-
MAE in the solvent mixture of 52.6 % tetralin / 1.4 % cis -decalin / 46.0 % carbon 
tetrachloride at the first day and after 18 days. A: fluorescence spectra; B: absorption 
spectra. 
The maximum of the emission spectra for the NBD PMMA-particles was at 522 
nm, for the coupled dye NBD-MAE it was shifted to 531 nm. In solvent 1 (36.0 / 31.5 
/ 32.5), with equal amounts of the three components, the fluorescence of the particles 
is reduced by 7 % after 18 days. In solvent 4 (36.0 / 11.5 / 52.5), with a high amount 
of carbon tetrachloride, the fluorescence is reduced by 25 %. In solvent 2 (56.0 / 1.4 / 
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46.0) and solvent 3 (56.0 / 11.5 / 32.5), both with a high amount of tetralin, the 
fluorescence is reduced by 50 %. Comparing these results with the fluorescence of 
NBD-MAE in these solvents we observe two differences. In solvent 1 (36.0 / 31.5 / 
32.5) the fluorescence is reduced by 20 % (it was 7 % for the particles) and in solvent 
2 (56.0 / 1.4 / 46.0) the fluorescence is reduced by 25 % (it was 50 % for the 
particles). We assume that the bleaching during the measurements is not large, based 
on the fact that a lower intensity of light is used in the fluorescence measurements (on 
the order of 25 times lower) compared to the intensity used in confocal microscopy.  
Absorption spectra were also measured for the samples at the same time. The 
reduction of the extinction follows the same trend in time as the fluorescence except 
for the particles in solvent 1, 2, and 3, where the reduction is about twice as much. It 
should be noted here, that the absorption spectra of the particles at the initial times are 
different in shape compared to later measurements. The base line is not flat in these 
cases and the peaks are small, which causes a larger error in the determination of the 
extinction at 450 nm. The change of shape of the absorption spectra in time can be 
explained by the difference in scattering of the particles in time. The amount of 
scattering depends on the difference in the index of refraction between the solvent and 
the particle. The particles were stored in cis-decalin, which does not match the 
particles very well. After the particles are transferred to the specific solvent mixtures, 
it will take some time before the new solvent mixture penetrates into the relatively 
open structure of the particles. While the solvent mixtures match the particles better 
than the cis-decalin, the index of refraction of the particles changes in time. 
Finally we calculated the values of the peak area divided by the extinction. This 
parameter should be constant when the quantum yield of the fluorescent dye remains 
constant. A reduction of the total fluorescence is then caused by the total damage of a 
fraction of the dye molecules. We found that the value remains constant for the 
coupled dye NBD-MAE in all solvents. For the particles we observed some deviations 
in analogy with the trends in the extinction. The parameter of the peak area divided by 
the extinction is normalized by the first measurement. If the value for the first 
measurement is not considered (which is justified as explained in the former 
paragraph), we find that it remains constant in time. 
We conclude that solvent 1 (36.0 / 31.5 / 32.5) is indeed the best choice. 
Furthermore, tetralin decreases the fluorescence. Carbon tetrachloride does decrease 
the fluorescence also, but not as dramatically as tetralin does. Finally we observe 
some differences between the NBD PMMA-particles and the free dye NBD-MAE. 
Thus, the environment of the dye is also important for the total fluorescence. 
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Figure 7.8: Fluorescence and absorption measurements of NBD PMMA-particles (A-C) 
and the coupled dye NBD-MAE (D-F) in four solvent mixtures with varying 
concentration ratios of tetralin, cis -decalin and carbon tetrachloride; A, D: area of the 
emission peak normalized by the first measurement; B, E: extinction at the excitation 
wavelength of 450 nm normalized by the first measurement; C, F: the peak area divided 
by the extinction, which is proportional to the quantum yield. 
7.4 Mixture of cycloheptylbromide and cis-decalin 
A mixture of cycloheptylbromide (~ 74 v/v%) and cis-decalin (~  26 v/v%) was 
recently used as the suspending solvent for sterically stabilized PMMA-particles, dyed 
with rhodamine, in a CSLM-study by Weeks et al. [8]. The mixture nearly matches 
both the index of refraction and the density of the particles. No deformations were 
reported and the particles were considered as behaving as hard spheres. Because the 
solvent mixture meets all three requirements for this specific particle and the 
similarity between the particles used and our particles, we investigated the use of a 
mixture of cycloheptylbromide and cis-decalin as a suspending solvent for our NBD-
labeled PMMA-particles. 
First, we transferred particles B from cis-decalin into cycloheptylbromide. After 
the transfer the sample contained still about 5 % of cis-decalin. Because the particles 
had a lower density than the solvent mixture it was not possible by simple  
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Figure 7.9: Particles B in 95 % cycloheptylbromide, 5 % cis -decalin. 
centrifugation to remove the last small amount of cis-decalin. The cycloheptylbromide 
was used as received without any further purification. In figure 7.9 a confocal image 
is given of this sample. An fcc crystal is formed and the spacing between the particles 
is large, 4.7 mm and 4.86 mm, depending on the crystal plane analyzed. This was the 
first indication that particles are charged in this solvent. Next, the behavior of the 
suspended particles with varying volume ratios of cycloheptylbromide and cis-decalin 
was studied. A series of samples was made with particles A. The amount of 
cycloheptylbromide was in sample A 96 %, in sample B 74 %, in sample C 48 % and 
in sample D 26 %. Samples A, B and C were made in capillaries with a diameter of 
100 mm, and sample D was made in a larger sample container. Confocal images of 
these samples are given in figure 7.10. Here, not only xy-scans (perpendicular to the 
gravitational field) are shown, but also xz-scans (parallel to the gravitational field). In 
capillary A and B a crystal is formed from the lower wall up to the upper one (100 
mm), and at the walls there is less ordering than in the bulk. The density of the 
particles is smaller than that of the solvent, so they are expected to cream instead of 
forming a three dimensional structure throughout the whole capillary. The spacing in 
capillary A is 2.0 mm and in capillary B it was 2.7 mm. However, these spacings are 
influenced by the difference in the colloid volume fraction between the two samples. 
In sample C the particles formed a disordered structure throughout the whole 
capillary, although the particles should sediment with respect to the density 
difference. In sample D the particles sediment very fast and form a crystalline 
sediment. The spacing in the lowest layer was 1.2 mm (equal to the diameter of the 
particles). 
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Figure 7.10: Particles A in a mixture of cycloheptylbromide and cis -decalin, images on 
the left are xy-scans, images on the right are xz -scans; A: 96 % cycloheptylbromide / 4 
% cis -decalin; B: 74 % cycloheptylbromide / 26 % cis -decalin; C: 48 % 
cycloheptylbromide / 52 % cis -decalin; D: 26 % cycloheptylbromide / 74 % cis -decalin. 
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The facts that the spacing is larger than could be explained by swelling of the 
particles, the structure formed is fcc, and a space-filling crystal is formed very fast in 
the capillaries are strong indications that the particles are charged in 
cycloheptylbromide. The magnitude of the charge seems to depend on the 
concentration ratio of the cycloheptylbromide and the cis-decalin. Here, the actual 
spacing between the particles should also be a function of the colloid volume fraction, 
as it is a space-filling structure. To check the presence of charge on the particles an 
electric field was applied to a sample of the PMMA-particles in 96 % 
cycloheptylbromide. It appeared that the particles were positively charged. The 
cycloheptylbromide was used as received, without distillation or other purification. 
The color of the solvent was a little brownish, which is an indication that bromide 
radicals have been formed by photochemical reactions. A possible explanation for the 
positive charge is the presence of water in the sample, which is hard to avoid. A 
compound with a halogen-carbon bonding can dissociate in the presence of water, 
which will lead to a substitution of the halogen with a hydroxyl group and the 
formation of a proton and a halogen ion. The protons can protonate ester groups of the 
PMMA-particles, which will give positively charged PMMA-particles. 
To check whether impurities are causing the charge on the particles and to 
investigate the effect of water in the solvent, we purified the cycloheptylbromide [11]. 
It was washed successively with an equal volume of concentrated hydrochloric acid, 
bidistilled water, 5 % sodium hydrogen carbonate in bidistilled water and finally with 
bidistilled water. An excess of calcium chloride powder was added and after two 
hours the solvent was filtrated. The color had changed from brownish to yellow by 
now. Next it was distilled under reduced pressure at a temperature of 82 - 84° C. A 
transparent solvent was obtained. Two samples were made of particles A; sample E in 
purified cycloheptylbromide and sample F in 80 % of purified cycloheptylbromide 
and 20 % of bidistilled water. Confocal images of these samples are given in figure 
7.11. In sample E the particles do not form a structure, but are disordered and they do 
not seem to be charged. In sample F the particles are charged, which is shown by the 
longer, equal distances between them. 
From the above mentioned experiments we conclude that the charge is most likely 
induced by the presence of water in the solvent. The charge is not caused by the NBD 
dye, because we checked that PMMA-particles with a fluorescently labeled silica core 
and a non-fluorescent PMMA-shell also become charged in this solvent mixture. 
Moreover, a wall coated with PMMA is charged as well in this solvent mixture. This 
is shown by the behavior of the PMMA-particles near this wall. We are able to vary 
the magnitude of the charge on the particles by variation of solvent concentration 
ratios, although not in a controlled way at the moment. 
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Figure 7.11: A: sample E: particles A in purified cycloheptylbromide; B: sample F: 
particles A in purified cycloheptylbromide saturated with bidistilled water. 
7.5 Conclusions 
The PMMA-particles synthesized as described by Bosma et al. [1] are very useful 
as a model system to study a variety of phenomena in real space and in real time on a 
particle level. We were able to prepare PMMA-particles labeled with the dye NBD or 
RITC covalently bonded into the particle. This enables us to use mixtures with NBD- 
and RITC-labeled particles and image them both at the same time, as the emission 
wavelengths of the two dyes NBD and RITC are distinguishable. Figure 7.12 is a 
confocal picture of such a mixture: a dried sample of large NBD-labeled particles 
(diameter of 1.2 mm) and small RITC labeled PMMA-particles (diameter of 60 nm). 
The RITC-labeled particles were too small to see them separately, but a difference in 
intensity corresponds to a difference in concentration. It was found that RITC 
bleaches much slower than NBD in this dried sample. Next, it is possible to 
synthesize the labeled PMMA-particles with diameters ranging from 60 nm up to at 
least 4 mm. The polydispersity for both small (~ 14 %) and large particles (~3 %) is 
relatively small. Furthermore, the particles can be matched for the index of refraction 
and the density at the same time with a mixture of tetralin, cis-decalin and carbon 
tetrachloride or a mixture of cycloheptylbromide and cis-decalin. Using the first 
mixture it should be noted that both tetralin and carbon tetrachloride reduce the 
fluorescence, the last mentioned one to a lesser extent. Also, we were able to obtain 
positively charged PMMA-particles by dispersing them in cycloheptylbromide and to 
vary the magnitude of charge by adding cis-decalin or water to the dispersion. 
Finally, some examples of phenomena that can be (and currently are) studied with 
these particles are given in figure 7.13. In figure 7.13A it is shown that packing 
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fractions in sediments can be studied, in figure 7.13B boundaries between crystallites 
in the sediment are shown and finally figure 7.13C shows phase separation of these 
particles, which will be studied in detail in the next chapter. 
 
Figure 7.12: Dried mixture of NBD- and RITC-labeled particles. 
 
Figure 7.13: Particles A; A: packing; B: crystal boundaries; C: phase separation. 
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aggregation in a phase-separating colloid-
polymer suspension 
 
 
 
 
 
 
 
 
 
 
 
Abstract 
The depletion-induced phase separation in a mixture of colloidal-particles 
(PMMA-latex) and nonadsorbing polymers (poly(styrene)) in a solvent (mixture of 
tetralin, cis-decalin and carbon tetrachloride) was investigated with confocal 
scanning laser microscopy (CSLM) in the initial, intermediate and final stage. It was 
found that the kinetics and the morphology strongly depend on the polymer 
concentration. In a narrow region of the phase diagram, at moderate polymer 
concentrations, crystallization of the PMMA-particles is enhanced by the polymers. At 
higher concentrations of polymers only aggregation is observed, resulting in 
amorphous sediments. Digital image processing was used to determine the 
dependence of the aggregation rate and the morphology of the aggregates on the 
polymer concentration. 
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8.1 Introduction 
Phase separation in colloid-polymer suspensions is attracting wide attention. The 
subject ranges from fundamental studies in, e.g., colloid science and cell biology 
(macromolecular crowding) to industrial applications (e.g., food). It is now generally 
accepted that phase separation in mixtures of colloidal particles and nonadsorbing 
polymers is induced by depletion interaction. The basic concept dates back to 1954, 
when Asakura and Oosawa [1] showed that an effective attractive interaction is 
induced between two larger particles in a solvent with smaller particles, because of an 
imbalance in osmotic pressure due to depletion of the smaller particles from the 
region between the larger ones. More than 20 years later in 1976 Vrij [2] showed that 
in mixtures of colloidal particles and nonadsorbing polymers an attractive interaction 
is induced by the overlap of the zones around the colloidal particles, from which the 
polymers are depleted. The range of the attractive interaction is set by the size of the 
polymer and its strength depends on the osmotic pressure, which in turn is a function 
of the polymer concentration. The phase behavior of colloid-polymer suspensions has 
been studied theoretically, experimentally and with computer simulations [3-9]. The 
topology of the phase diagram of these systems depends on the size ratio, q, defined 
as the ratio of the polymer radius of gyration and the colloid radius. The existence of 
fluid-fluid and fluid-solid phase transitions have been predicted by theory [3,4] and 
have been confirmed by experiments [6,7].  
The existence of different colloidal phases is predicted from thermodynamics. 
Recently, the interest in the kinetics of the phase transitions is growing [12,18]. 
Glasses, gels and amorphous structures were found experimentally in colloidal 
suspensions in general. An interesting observation is that in fluid-solid transitions the 
solid phase is sometimes a crystal and sometimes an amorphous structure. In earlier 
studies a narrow window of crystallization was observed. Near the binodal, at a 
minimum concentration of depletion agents required for phase separation, a small 
region of optimal crystallization is located. Addition of more depletion agents 
increases the phase separation rate, but does not lead to crystallization.  
First, the narrow crystallization slot was found by visual observation [10-12]. 
Subsequently, light scattering experiments gave more insight into, e.g., the dynamics 
and structure of transient gels [12], phase separation in colloidal suspensions induced 
by addition of salt [14] and the kinetics and structures involved in the phase behavior 
of colloid-polymer suspensions [8,15]. With the development of (video) microscopy 
techniques and the synthesis of model colloidal systems, the study of aggregation and 
crystallization on the particle level became possible. With optical microscopy, two-
dimensional aggregation on surfaces or in confined geometries were studied [16,17]. 
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More recently, fluorescence confocal scanning laser microscopy came into use to 
study statics [44] and dynamics of colloidal suspensions, such as dynamical 
heterogeneities [18], structural relaxation near the glass transition [19] and 
crystallization [25] in colloidal hard-sphere suspensions. The use of fluorescence 
confocal scanning laser microscopy in principle allows imaging the three dimensional 
processes in real time and real space on a particle level, not only in the initial stage 
but also at long time scales, which are generally not easily accessible with computer 
simulations.  
In analogy to colloidal systems, phase separation is observed in biopolymeric 
mixtures [20] and protein solutions [13,22,43]. Experiments on the kinetics of phase 
separating model colloid-polymer mixtures will give fundamental insight into the 
mechanisms of phase separation in these systems. The second virial coefficient can be 
used to compare the phase behavior of the colloidal suspensions with these systems 
quantitatively.  
In the last few decades it was shown that simple fluid theories were successfully 
used to describe and predict the phase behavior of colloidal systems. In princ iple they 
can also be used for Therefore, is an important parameter in the comparison [22]. 
In this chapter we report on the kinetics of the phase behavior of a colloid-polymer 
suspension studied in real time and real space with CSLM. The colloid concentration 
in the samples was fixed, the polymer concentration was varied. The experiments 
were carried out at low colloid concentrations, because the dynamics are too fast at 
higher colloid concentrations to investigate the initial stage with the microscope used. 
The chapter is organized as follows. In the experimental section the system, the 
sedimentation setup and the microscopy experiments are described. In the following 
section the determined phase diagram, the results of the sedimentation and 
microscopy experiments are given. Then a discussion on the experiments is given, 
followed by a summary. 
8.2 Experimental section 
8.2.1 System 
The colloidal particles used were PMMA-particles (polymethylmethacrylate) 
prepared by dispersion polymerization at 80° C, following the me thod of Antl. [23]. 
The particles were labeled with the fluorescent dye NBD bonded to a coupling agent 
(4-methylaminoethylmethacrylate-7-nitrobenzo-2-oxa-1,3-diazol), which was 
incorporated during the polymerization reaction. The particles are stabilized by a layer 
of 10 nm of PHS, a graft copolymer consisting of a backbone of methacrylate and 
glycidyl methacrylate monomers in a weight ratio of 10 : 1, and tails of poly(12-
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hydroxystearic acid) are attached to some of the glycidyl methacrylate monomers. 
The stabilizer is chemically bonded by a locking reaction at 130° C. The synthesis of 
these particles is described elsewhere in more detail [24]. The radius was determined 
with CSLM at 600 nm and with scanning electron microscopy at 580 nm with a 
polydispersity of 3 %. The polymer used is commercially available poly(styrene); its 
molecular weight is 2 000 kg/mol (Mw/Mn = 1.11), and its density is 1.11 g/ml. The 
viscosity of solutions of this polymer in the solvent mixture were measured as a 
function of the polymer concentration on a Contraves LS40 rheometer with a Couette 
geometry equipped with a vapor lock. The radius of gyration, determined from these 
viscosity measurements, is 46 nm, which implies an overlap concentration of 8.15 
mg/ml. The solvent used was a mixture of tetralin, cis-decalin and carbon 
tetrachloride in volume ratios of 36 %, 31.5 % and 32.5 %, respectively. This 
particular solvent mixture was chosen after a study of the stability and behavior of the 
PMMA-particles in various solvents as described in chapter 7 of this thesis. The 
density is 1.148 g/ml, the index of refraction is 1.50 and the viscosity is 1.87 mPa s. In 
this solvent the PMMA-particles are stable for a long time (at least several months), 
they are nearly matched for the index of refraction, but not completely matched for 
the density (density difference is in the order of 0.05 g/ml). 
8.2.2 Sedimentation 
The sedimentation tubes used had an internal diameter of 6 mm, each one was 
filled with 1 ml of suspension and placed in a water bath with a temperature of 21.1°C 
in a thermostatic room. The water bath was placed on a heavy marble table to 
minimize vibrations. The heights of the sedimentation fronts were measured with a 
Zeiss Ni-40 leveling instrument. The tubes were illuminated with a lamp of a slide 
projector to facilitate the observation of the sedimentation fronts. In order to measure 
the sedimentation of single particles the polymer concentrations were chosen such that 
no phase separation occurred. 
8.2.3 Microscopy 
A Leica confocal scanning laser microscope in fluorescence mode was used [25], 
the objective was a 100 ´ oil N.A. 1.4 lens, the wavelength of excitation was 488 nm, 
a filter block for detection of light of wavelengths between 500 and 585 nm was used, 
and the time needed to take an image of 100 mm * 100 mm with 1024 * 1024 pixels 
was 3 s. The sample container was a little vial (contents: ~ 1 ml) from which the 
bottom was replaced by a microscope cover slip (Chance Propper Ltd., West Mids, 
England), of 0.11 mm thickness. The vial was filled with 0.3 ml of dispersion and 
sealed with teflon. Images were taken at 20 mm from the lower wall, a distance that 
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equals ~20 times the diameter of the colloids. The influence of the wall on the process 
is considered negligible at this position. The 3-dimensional process is studied with 
CSLM in 2-dimensional time series. The CSLM images shown in this paper are either 
xy-scans, i.e., perpendicular to the field of gravity, or xz-scans, which are cross 
sections parallel to field of gravity, see figure 8.1. 
suspension
xy
xz
Dz
glass
plate
 
Figure 8.1: Sample container used in CSLM. The positions of the xy - and the xz -scans 
are indicated.  
8.3 Results and analysis 
8.3.1 Phase diagram 
After homogenization of a sample at sufficiently high concentration of polymers, 
phase separation is observed within an hour by a sedimentation front between a 
colloid-poor upper phase (light yellow) and a colloid-rich lower phase (dark yellow) 
and the appearance of a sediment at the bottom. The phase boundary was determined 
by visual inspection of suspensions with concentrations varying along dilution lines 
(i.e., straight lines through the phase diagram with constant concentration ratio of 
colloid and polymer), starting at high concentrations. It was observed that on 
approaching the phase boundary by dilution the sedimentation velocity lowers and it 
became difficult to distinguish a phase separating suspension from a non phase-
separating suspension, the latter one displays normal sedimentation of the particles. In 
figure 8.2 a phase diagram is shown in which the one-phase and the two-phase regions 
are indicated. At the higher colloid concentration regions, the visual inspection along 
the dilution line is stopped close to the phase boundary, at a point where we were still 
certain to have a phase separating system. The phase boundary is just below these last 
points. In figure 8.2 the phase boundaries obtained by computer simulation [9] for 
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colloid-polymer suspensions with a size ratio of polymer to colloid of 0.1 are shown 
for comparison. The phase boundary observed in the experiments lies just below the 
stable fluid-fluid phase boundary obtained by computer simulation. 
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Figure 8.2: Phase diagram of the colloid-polymer suspension; phase boundaries were 
obtained with computer simu lations [9]. 
8.3.2 Sedimentation 
Sedimentation velocity 
The sedimentation velocity of colloidal particles in a viscous medium depends on 
the particle concentration and particle interactions. Sedimentation experiments were 
carried out to determine the particle density in the solvent mixture used and to 
monitor the particle interaction as a function of the polymer concentration. 
 
The sedimentation velocity at infinite dilution, U0, is given by: 
( )
f
gV
U pp 00
rr -
= , (8.1) 
with Vp the particle volume, rp the particle density, r0 the density of the solvent, g 
the acceleration of gravity and f the friction factor. For a spherical particle of radius a 
and using the Stokes’ friction factor: f = 6ph0a, the sedimentation velocity reduces to: 
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0
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For dilute suspensions (f < 0.05) Batchelor [35] described the sedimentation 
velocity as: 
fK
U
U += 1
0
, (8.3) 
with K the Batchelor coefficient. Its magnitude depends on the interaction 
potential. For hard-core interactions, where the pair-potential is infinite when two 
cores overlap and is zero otherwise, the Batchelor coefficient is –6.55. Attractions 
between colloidal particles give rise to a higher sedimentation velocity and reduces 
the magnitude of the Batchelor coefficient [36,37], where repulsions have the opposite 
effect. However, the experimental results are generally not accurate enough to 
reproduce Batchelor’s theory quantitatively [38]. 
More explicitly the sedimentation velocity is described to first order in f as 
[35,42]: 
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with g(r) the pair distribution function, and DAs, DAc, DBs and DBc the mobility 
functions. For low concentrations g(r) is equal to kTrVe /)(- , where V(r) is the 
interaction potential. The dependence of the sedimentation velocity on the interactions 
between the spheres is therefore expressed in the terms that contain g(r). The effect of 
the depletion interaction on the sedimentation velocity is calculated with the depletion 
interaction defined according to Asakura and Oosawa [1]: 
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with P the osmotic pressure, Voverlap the overlap volume, sc the diameter of the 
colloid and sp the diameter of the polymer. 
Assuming the depletion layer thickness equal to the radius of gyration of the 
polymer, and the diameter of the polymer equal to twice the radius of gyration, the 
interaction potential in the range sc < r < sc + sp is given explicitly by: 
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with fp the polymer volume fraction, a the radius of the colloid and Rg the radius of 
gyration of the polymer. 
In the calculation reported here, the mobility functions in equation (8.5) are 
expressed to the seventh order in (a/r) [42]: 
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The neglect of the higher order terms introduces an error in the calculation of the 
sedimentation velocity. This is illustrated by the case of the hard sphere interaction. 
The Batchelor coefficient obtained by calculation with the higher orders of the 
mobility function neglected is -6.4, whereas it is –6.55 with more accurate expressions 
for the mobility functions [35]. 
 
The sedimentation of four series of suspensions with polymer concentrations of 0, 
0.5, 1.0 and 1.4 mg/ml, respectively, were measured. Each series consisted of eight 
suspensions with a colloid volume fraction ranging from 0.5 % up to 4.7 %. The 
sedimentation fronts were measured during three days. They were difficult to observe 
in case of low colloid volume fractions due to the small contrast between the clear 
supernatant and the suspension.  
The results are given in figure 8.3; the normalized sedimentation velocity, U/U0, as 
a function of the colloid concentration of the four series. The measured sedimentation 
velocity, Umeas., was corrected for the increase of the viscosity with the increase of the 
polymer concentration: 
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with h0 the viscosity of the solvent, and h(cp) the viscosity of the solvent with a 
certain polymer concentration. The data points of the lower colloid concentrations of 
series 1 and 3 are neglected in further analysis. It is assumed that the large error in the 
determination of the sedimentation front caused the large deviation for these samples 
with low colloid concentration compared to the data of the samples with higher 
colloid concentrations. The scattering of the data points of series 4 was caused by a 
worse illumination. 
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Figure 8.3: Normalized sedimentation velocities as a function of the colloid 
concentration for four different polymer concentrations. 
Table 8.1 gives the sedimentation velocity extrapolated to zero concentration, U0, 
and the Batchelor coefficient, K, both as a function of the polymer concentration, cp. 
The particle density in this solvent mixture is now determined at 1.250 g/ml with 
equation (8.2) and the sedimentation velocity, U0, of the series with no polymers 
added. Figure 8.4 shows the Batchelor coefficients as a function of the polymer  
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Table 8.1: Sedimentation data. 
series cp 
[mg/ml] 
U0 
[10-8 m/s] 
K 
1 0.00 4.26 ± 0.04 -4.45 ± 0.89 
2 0.50 4.29 ± 0.02 -4.39 ± 0.88 
3 1.01 4.93 ± 0.12 -3.82 ± 0.76 
4 1.41 3.77 ± 0.23 -3.03 ± 0.61 
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Figure 8.4: Batchelor coefficient as a function of the polymer concentration; 
experimental data compared with the values calculated with equation (8.11). 
concentration. We see a less negative value of the coefficient with an increase of the 
polymer concentration. This indicates an increase of the attraction potential with an 
increase of the polymer concentration. Furthermore, the dependence is not linear, but 
curves upwards at higher polymer concentrations. The Ba tchelor coefficient is 
sensitive to small interactions. In figure 8.4 the Batchelor coefficient calculated with 
equation (8.4) and (8.6) is also shown. Two differences are observed in comparison 
with the experimental data: the intersection is – 4.45 in the  experiments and –6.40 for 
the calculated curve, and secondly, the slope of the curve is smaller in the experiments 
than expected from the calculation. The difference in the intersection can be explained 
by the presence of a van der Waals attraction between the spheres. To have an idea 
about the order of magnitude of the van der Waals attraction associated with a 
difference of 2.1 in the intersection, a rough estimation is made. When the attraction is 
modeled as a square well potential with a range of 0.1 times the radius of the sphere, a 
strength on the order of 1.5 kT is found. Concerning the difference of the slope of the 
experimental and calculated curve, it should be stressed that in the calculation the 
hydrodynamics are not well described and that the depletion layer and polymer 
diameter are expressed in a general way. Furthermore, the influence of the presence of 
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the polymers is not accounted for in the mobility functions. Nevertheless, the 
calculated Batchelor coefficients are of the same order of magnitude and show the 
same trend as a function of the polymer concentration. 
Sediment structure 
The structure of the sediment in the samples used to measure the sedimentation 
velocity were examined. An additional sample was prepared with such a high polymer 
concentration so that phase separation took place. We found that the structure formed 
was dependent on the polymer concentration. At zero polymer concentration we 
found that the whole sediment turned out to be a crystal with vertical oriented crystal 
planes, shown by its Bragg reflections. The crystal started to form as soon as in a few 
days. At higher polymer concentrations, still below the phase boundary, a crystal was 
observed only at the upper side of the sediment, after about a week This structure was 
not columnar, but consisted of smaller crystalline domains. At even higher polymer 
concentrations, just above the phase boundary, the crystal layer was smaller. The 
sediment of the phase separated sample showed only some very small crystal domains 
on top of the sediment. 
8.3.3 Microscopy 
A series of 20 samples was made with a fixed PMMA volume fraction of 2.2 % 
and a varying concentration of poly(styrene) ranging from 0.4 up to 9 mg/ml. The 
samples were shaken vigorously in order to obtain a homogeneous dispersion. As 
soon as the shaking was stopped, phase separation started immediately for those 
samples with high enough polymer concentrations. It took about 30 seconds before 
the first image could be taken with the microscope. The phase separation was 
reversible in the sense that by shaking the sample became homogeneous again. 
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Figure 8.5: Phase diagram of the colloid-polymer suspension with the four regimes 
indicated. 
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Four different regimes were found in the phase diagram as indicated in figure 8.5, 
regime A is the one-phase region (cp < 1.28 mg/ml) and regimes B – D are in the two-
phase region (cp > 1.58 mg/ml). Figure 8.6 shows time series of xy-scans of the first 
hour after homogenization at a position of 20 mm from the lower wall and figure 8.7 
shows xz-scans after an hour and xy-scans after several days. Representative series of 
the various regimes are given. The time is scaled with a Brownian time tB, defined as: 
Tk
R
D
R
B
B
32 6pht == , (8.9) 
with, R the radius of the PMMA-particles, h the viscosity of the solvent with the 
polymer, kB the Boltzmann constant and T the temperature. 
One-phase region 
Regime A (0 < cp < 1.28 mg/ml) is the one-phase region, the polymer 
concentration is so low that no phase separation took place. In the ext reme case, in a 
sample with no polymers added, sedimentation occurs because of the small difference 
in density between the particles and the solvent. In about one day a sediment was 
formed; the total height of the sediment was smaller than a mm. Adding a small 
amount of polymers did increase the sedimentation rate. At low polymer 
concentration the sediment was entirely crystalline within a day, whereas for the 
sample without polymers it took several days before the sediment was crystalline. 
Two-phase region 
In regime B (1.58 < cp < 1.72 mg/ml) the polymer concentration is just high 
enough for phase separation to occur. The mechanism is like nucleation and growth, 
the clusters formed seem to be of a finite size, although not entirely crystalline. Rapid 
sedimentation of these clusters is observed. The growth of a single cluster could not 
easily be followed because of the high sedimentation rate. The total number of single 
particles is only slightly decreased at the intermediate stage. The sediment is 
polycrystalline and the crystallites seem to have originated from the initial clusters. 
Macroscopically, Bragg reflections in white light were observed in this sediment, also 
indicating the presence of crystallinity. 
In regime C, at intermediate polymer concentration (1.75 < cp < 2.28 mg/ml), 
aggregates are formed from single particles followed by growth of the clusters by 
aggregation. The clusters are not crystalline but they are dense. After a while 
sedimentation is observed by the increase of the number of particles in the image. The 
sediment formed is dense and no crystallinity was observed. 
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In regime D (3.31 < cp < 9.04 mg/ml) aggregation is also observed, but here the 
clusters have a more ramified or elongated, string- like shape. Sedimentation is 
observed, and the sediment formed is dilute, getting denser in a few days. No 
crystallinity is observed in the sediment. 
A schematic overview of the various regimes is given in figure 8.8. Time series are 
given, and regime A is divided in two parts: one with no polymers added and one with 
a low polymer concentration.  
 
Figure 8.8: Schematic overview of the various regimes. 
The formation of the clusters is analyzed quantitatively by digital image processing 
determining the coordinates of all the particles in each time frame, using procedures 
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similar to the ones described by Crocker and Grier [29]. The confocal images are 2-
dimensional sections of the sample in time at a certain position. In fact, they are 2D-
projections of a slab with a thickness of approximately 0.6 mm (equal to the radius of 
the colloids), determined by the axial resolution of the microscope. Within this thin 
slab it is not possible to distinguish between particles that are in focus and the ones 
that are slightly out of focus. In general the latter ones have lower intensity, but 
particles that have been some time in focus are bleached and therefore will have a 
lower intensity as well. Because it is impossible to distinguish between the particles in 
focus and the ones slightly out of focus within this small slab, all particles were taken 
into account in the following analysis. 
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Figure 8.9: Results of the digital image analysis. A: the total number of particles, Ntot., 
present in each time frame; B: the total number of single particles normalized by the total 
number of particles per frame, Nsingle/Ntot., as a function of time; C: the averaged number 
of particles per cluster, <Nc>, as a function of time; D: the average number of neighbors 
per particle in a cluster, <Nn>. 
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Figure 8.9 shows some of the results of the image analysis in four graphs. Here, the 
time scales are again normalized by the Brownian time, tB. In the analysis a cluster 
criterion is used to define the maximum distance between particle centers in order to 
be of the same cluster. This distance is chosen equal to the position of the first 
minimum in the ‘two-dimensional’ g(r) [27], which was determined for each sample 
at t/tB Ntot., present in each 
time frame. In the initial stage Ntot. remains constant, followed by an increase due to 
sedimentation for the higher polymer concentration regions. Several plateaus at the 
ascending slopes are observed, which suggest that the densification or rearrangement 
of the sediment is not a continuous process. In figure 8.9B the total number of single 
particles normalized by the total number of particles per frame, Nsingle /Ntot., is given as 
a function of time; this gives information about the aggregation rate. We observe a 
very different dependence on time for the three mechanisms in the phase-separating 
region. At the highest polymer concentration (regime D) the aggregation rate is the 
highest, followed by the intermediate polymer concentration (regime C). At the lowest 
polymer concentration (regime B) the number of single particles remains high for a 
long time compared to the other two regions. Finally, we see a decrease in this curve 
due to the growing of the layer of sedimented clusters. Figure 8.9C gives the averaged 
number of particles per cluster, <Nc>, as a function of time. Single particles are not 
considered as clusters of one particle in this analysis. The plateaus from figure 8.9A 
are recovered in this graph. Initially, the elongated clusters of regime D are larger than 
the more compact ones of regime C. At intermediate times the compact clusters of 
regime C have grown larger. The difference between the initial and intermediate 
stages is caused by the difference in aggregation rate. In regime D the aggregation rate 
is higher then in regime C. This means that the number of particles that are part of a 
cluster is increasing faster in regime D, resulting in larger clusters. When most of the 
single particles are part of a cluster, then the average number of particles per cluster is 
no longer influenced by the difference in aggregation rate, but only the result of the 
morphology of the clusters. In regime B, at the lowest polymer concentration, the 
average number remains low. Figure 8.9D gives the average number of neighbors per 
particle in a cluster, <Nn>. Initially, the particles in the elongated clusters of regime D 
have more neighbors than the more compact ones of regime C, again due to the higher 
aggregation rate. At intermediate times <Nn> is higher for the compact clusters, so 
these ones are getting denser than the elongated clusters. In regime B the number of 
neighbors remains low for a long time. The increase starts at the end of the curve. By 
this time more clusters formed are observed in one time frame because of 
sedimentation. 
The rate of aggregation can be analyzed in further detail by a comparison with the 
theory of Smoluchowski for the rate of rapid coagulation [28]. It is assumed that only 
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the Brownian motion of the particles determines the process, and when particles 
collide they will stick together. When we start with a number of particles n0, the 
decrease of the number of single particles, Nsingle, is described by: 
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In this equation is t the time, tS the Smoluchowski time, D the diffusion 
coefficient, kB the Boltzmann constant, T the temperature, h the viscosity, R the radius 
of the particle, and f the volume fraction of the particles. This equation is used only 
for the initial stage of the experiments. The initial stage is defined as the time period, 
in which the total number of particles observed in the confocal images remains 
constant, using figure 8.9A. The original number of particles, n0, is determined from 
the total number of particles observed in the confocal images of the initial stage, and 
the number of single particle s per time frame is determined using the cluster criterion, 
as defined above. The Smoluchowski time, tS, is now determined by a fit of the plot 
of the number of single particles per time frame as a function of time for the initial 
stage, using equation (8.10). In comparison, the Smoluchowski time could be 
calculated using the definitions given below equation (8.10). The viscosity is a 
function of the polymer concentration, which was measured in a rheometer. 
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Figure 8.10: The calculated and determined Smoluchowski times. 
In figure 8.10 we compare the calculated Smoluchowski time and the one 
determined by fitting the data obtained by digital image processing. At high polymer 
concentration (regime D; formation of elongated clusters) the calculated and the 
determined value follow the same trend and are of the same order of magnitude. 
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However, at lower polymer concentration (regime C; formation of compact clusters) a 
sudden rapid increase in the determined value is observed, while the calculated value 
is still decreasing. So the aggregation process in regime C cannot be described by the 
Smoluchowski equation for rapid coagulation. 
8.4 Discussion 
We can now give an explanation for the fact that it appeared difficult to find the 
binodal by visual inspection. Just across the binodal we found with confocal 
microscopy the nucleation- like mechanism (regime B) where the number of single 
particles remains high during a long time. The sedimentation rate of such a phase 
separating sample is not much different from that of a sample in the one-phase region 
near the binodal. Therefore, it is difficult to distinguish a phase-separating suspension 
from a non-phase-separating one near the binodal. 
 
In the one-phase region the structure of the sediment formed in the sedimentation 
tubes was different from the ones observed in the confocal vials. Actually, the effect 
of the polymer concentration on the structure was opposite in the two types of sample 
containers. In the sedimentation tubes the addition of polymers decreased the amount 
of crystals and in the confocal vials the addition of polymers increased the formation 
of crystals. It appears that the structure of the sediment is not only dependent on the 
concentrations, but also on the form and size of the tubes and the amount of 
dispersion. It is a complex interplay between several parameters that determines the 
final structure of the sediment [42]. In these experiments the most important 
difference between the two types of sample containers is probably the total amount of 
the sediment formed. In the sedimentation tubes it is about 1 cm and in the confocal 
vials it is less than a mm. This implies that the pressure exerted on the particles due to 
the height of the sediment is different in the two kinds of sample containers, on the 
order of 100 times. In the larger, sedimentation tubes this higher pressure might 
prevent crystallization. On the other hand, the small attraction between the colloidal 
particles, induced by the addition of only a small amount of polymers might enhance 
crystallization. This can be an explanation why in the confocal vials the sediment of 
the samples with a small amount of polymers added crystallize more easily compared 
to the one without any polymer. 
 
We found three regimes in the phase-separating region with very different 
characteristics. Not only the kinetics of the phase separation, but also the morphology 
of the resulting sediments differ. The border between the three regions are distinct and 
region B is very narrow. We define here three stages in the phase separation process: 
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the initial stage in which sedimentation is not observed (up to t/tB = 100 – 200), the 
intermediate stage in which sedimentation plays a role (observed as an increase of 
particles in the CSLM-image) and the final stage as the time where the sediment has 
reached its final density. The morphology of the sediments in these experiments is not 
only determined by the induced attractions, but also by the gravitational field. 
Sedimentation alters the concentration of particles, which has in turn an influence on 
the kinetics of the phase separation in the intermediate stage, e.g., with respect to 
collision and bonding probabilities. 
Regime B is clearly distinguished from regime C and D by the nucleation- like 
nature of the mechanism and the high number of single particles throughout the initial 
and intermediate stage. Regime C and D are distinguished from one another by the 
morphology of the clusters and the aggregation rate. The structure of the clusters in 
regime D is open and string- like, while in regime C they are denser, more compact 
and seem to have some ordering. The transition from regime C to D is also indicated 
by the determination of the Smoluchowski times in the initial stage. Regime D can be 
described by the Smoluchowski equation for rapid aggregation, whereas in regime C 
there is a discrepancy between the determined and expected value for the 
Smoluchowski times. We could consider regime D as an ‘irreversible’ diffusion 
limited cluster aggregation mechanism (DLCA), only determined by the diffusion of 
the particles and irreversible in the sense that once particles encounter they will stick 
together. Analogously, regime C can be considered as a ‘reversible’ DLCA-
mechanism, particles encounter but there is a probability less than 1 for the particles 
not to stick together. When in regime C the diffusion is no longer the limiting 
parameter, the mechanism is called a reaction limited cluster aggregation (RLCA). 
 
We compare our results of the various regimes with the phase diagram obtained by 
simulations for a model colloid-polymer mixture with the size ratio of polymer to 
colloid of 0.1 by Dijkstra et al. [9]. Figure 8.11 shows the phase diagram with the 
fluid-solid phase boundary and the phase boundaries for the metastable fluid-fluid and 
solid-solid phase transitions adapted from Dijkstra et al. [9]. In the same figure the 
samples investigated by CSLM are indicated, the various regimes are also specified. 
We find that the fluid-solid phase boundary coincides with the results of our 
experiments. Furthermore, regime B and regime C are between the fluid-solid binodal 
and the metastable fluid-fluid boundary. We do not know whether the position of 
these two regimes is influenced by the metastable boundary or that it is a coincidence. 
Comparison of our experiments with some recent work of simulations of particles 
with short-ranged interactions and experiments on phase separation in a biopolymeric 
system show some striking similarities. In a Brownian dynamics simulation of 
particles described with a Lennard-Jones 36-18 potential in the absence of an external 
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field three regimes were obtained with morphology similar to that in our experiments 
[26]. Even more surprisingly, in a mixture of biopolymers similar mechanisms were 
found for the high concentrations of depletion agents. A regime with more elongated 
structures and a regime with more compact structures were observed [21]. 
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Figure 8.11: Phase diagram obtained with simulation and the experimental data points. 
The kinetics of phase separation was already extensively studied by light scattering 
[8,31-34]. Spinodal- like behavior was find in various studies. The main issue here 
seems to be the subtle boundaries between spinodal decomposition like behavior and 
diffusion limited cluster aggregation [40]. The difference between the two 
mechanisms is determined by using scaling functions to describe the scattering 
curves. We believe that with confocal microscopy we have a tool at hand to solve this 
matter, because we can study bulk processes on a particle level.  
In a light scattering study, Poon et al. [8] defined various regimes of phase 
behavior, which we will compare here to our results. Poon et al. determined three 
regions: a region where no phase separation occurs, a region of equilibrium phase 
transition, and a region of nonequilibrium phase transition. In the last region three 
mechanisms were found, a nucleation- like behavior, a spinodal- like behavior and 
transient gelation. The nonequilibrium phase boundary is determined by a difference 
in sedimentation rate of the solid phase. Our regime B has the same characteristics as 
in two regions defined by Poon et al.: the equilibrium transition region and the 
nonequilibrium region with the nucleation-like behavior. According to Poon et al. 
their should be a subtle change in sedimentation rate only, which is not easy to 
observe in a small sample as we used. Furthermore, we did not observe a region 
defined as transient gelation. However, we also do not expect to find this region, 
because we worked at a very low colloid concentration. The most interesting region to 
compare is the region where Poon et al. found a spinodal- like behavior. It is called 
spinodal-like behavior because at intermediate times the scattering exhibits dynamic 
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scaling with the exponent g = 3, the spatial dimension. This behavior resembles that of 
spinodal decomposition. At higher polymer concentrations, the dynamic scaling still 
holds but the exponent is reduced to 1.8, which is equal to the fractal dimension of 
aggregates formed by DLCA. Furthermore, they found the structure of these samples 
under the microscope to be interconnected domain patterns. We found in this region 
two regimes, C and D. We defined them both as a DLCA-behavior in the initial stage 
(when no sedimentation is observed), but we made a distinction between reversible 
DLCA in regime C and irreversible DLCA in regime D. In both cases an 
interconnected structure is observed after some time. However, it originates not from 
spinodal decomposition, but from aggregation of the particles and the effect of 
sedimentation. 
 
A narrow region of optimal crystallization is reported for crystallization of globular 
proteins as well [13], where aggregates leading to crystallization are called CRAGGs 
(crystallizing aggregates) and aggregates leading to amorphous sediments are called 
PRAGGs (precipitating aggregates). The distinction between a CRAGG and a 
PRAGG at an early stage is important. If we make the comparison with our 
experiments, we see that in regime B (low polymer concentration; nucleation- like 
mechanism) CRAGGs are formed, resulting in this case in a polycrystalline sediment. 
Regime B can now easily be recognized in the initial stage by the number of single 
particles: in regime B the number of single particles remains high throughout the 
phase separation process, whereas in regime C and D, first almost all the single 
particles aggregate to small clusters, which in turn aggregate to bigger clusters, 
resulting in PRAGGs. From the images of the initial stages of the three mechanisms, 
it was not clear at first that only regime B results in a crystalline sediment. Also the 
clusters in regime C are dense and seem to have some ordering, but the resulting 
sediment is not crystalline. Sedimentation in this case could be the reason that the 
clusters were prevented from crystallizing. In order to use our results in protein 
crystallization for the predictions of conditions for rapid formation of high quality 
protein crystals the second virial coefficient, B2, is a useful parameter. In table 8.2 the 
calculated values are given, normalized by the volume of a particle, as a function of 
the polymer concentration for the samples used. The Asakura-Oosawa potential was 
used for the calculation. 
The lines in the table separate the various regimes. The value of B2 corresponding 
to the binodal lies between 0.4 and –2.6. It was found before that the B2 is in the order 
of –6 at the critical point [30]. It should be noted, however, that the second virial 
coefficient is very sensitive for a small error in the diameter of the polymers. In the 
calculation here the diameter is set equa l to twice the radius of gyration, which is 
correct for ideal polymers, but can deviate from this value in practice. Just at the 
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border between regime C and regime D B2 drops dramatically, indicating very strong 
attractive particle interactions. 
Table 8.2: Second virial coefficient. 
cps 
[mg/ml] 
B2 
[v0] 
9.04 -1.2 * 108 
8.07 -1.2 * 107 
6.07 -1.2 * 105 
4.39 -2495.7 
3.31 -227.9 
2.28 -22.7 
2.10 -14.5 
2.03 -12.1 
1.86 -7.4 
1.82 -6.6 
1.81 -6.4 
1.75 -5.2 
1.72 -4.7 
1.67 -3.8 
1.64 -3.4 
1.58 -2.6 
1.28 0.4 
1.18 1.1 
0.95 2.2 
0.40 3.6 
0.00 4.0 
 
8.5 Summary 
Three mechanisms for phase separation in a colloid-polymer suspension were 
found as a function of the polymer concentration; regime B (very narrow): a 
nucleation-like mechanism at low polymer concentrations; regime C: aggregation 
leading to compact clusters at intermediate polymer concentrations; regime D: 
aggregation leading to elongated clusters at higher polymer concentrations. Only the 
nucleation-like mechanism results in a crystalline sediment. The borders between the 
different regimes are well defined as is shown by image analysis. Only in the initial 
stage of the phase separation sedimentation does not interfere with the mechanism. 
After some time the clusters become so large that they start to sediment. So gravity 
does have an influence on the final structure of the solid phase. It is demonstrated that 
confocal microscopy is a powerful tool to study bulk phase separation. Digital image 
processing made it possible to analyze the confocal images semi - quantitatively. 
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Figure 8.6: Time series of CSLM -images of xy -scans of the first hour after 
homogenization at a position of 20 mm from the lower wall. 
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Figure 8.7: CSLM-images of xz-scans after an hour and of xy -scans after several days. 
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Summary 
 
 
 
The addition of nonadsorbing polymers to a colloidal suspension gives rise to an 
effective attraction between the colloids, the so-called depletion interaction. As a 
result of this interaction phase separation into colloid-rich and colloid-poor phases 
occurs. The size ratio between the polymers and the colloids determines the type of 
transition. In this thesis we study the properties of the interface between coexisting 
colloidal- liquid and colloidal-gas phases, and we study the fluid-crystal phase 
transition occurring at a wall, in a sediment and in the bulk. 
 
In the first part of this thesis the interfacial tension and the thickness of the 
interface between a coexisting colloidal-gas and a colloidal- liquid phase was 
investigated. A suspension of sterically stabilized silica colloids (radius of 13 nm) and 
poly(dimethylsiloxane) polymers (radius of gyration of 14 nm) in an organic solvent 
was used. The size ratio between the polymer and the colloid is about one. 
In chapter 2 the phase diagram of this suspension was determined experimentally 
and the interfacial tension was measured, using the spinning drop method as well as 
the breaking thread method. The densities of the coexisting phases needed for the 
analysis of the spinning drop experiments could be obtained accurately from the 
measured phase diagram and the constructed tie lines. We found very low interfacial 
tensions, in the range 3.0-4.5 mN/m. The interfacial tension depends on the density 
difference between the coexisting phases.  
In chapter 3 we show that the breakup of a droplet in a centrifugal field not only 
depends on the interfacial tension, but also on the magnitude of the centrifugal field 
applied. The growth rate decreases and the wavelength increases with an increase of 
the centrifugal field. We developed a simple model to analyze the effect of the 
centrifugal field. The interfacial tension calculated with this model, using the 
experimental data of the growth rates and wavelengths, is in good agreement with the 
value found with the stationary spinning drop method. 
In chapter 4 a first study of the thickness of the interface with ellipsometry is 
reported. The experiments were interpreted in terms of the diffuse interface model, 
i.e., with gradual changes in the colloid and polymer concentration from one phase to 
the other. This leads to an estimate of the thickness of the interfacial region about 10 
nm, which is on the order of magnitude of the size of the colloidal particles. 
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The second part of this thesis concerns the fluid-solid phase transition. The 
formation of a colloidal crystal at a wall, the crystals formed in a sediment, and the 
kinetics of the fluid-solid phase transition in the bulk are studied. In chapter 5 and 6 a 
suspension of sterically stabilized silica colloids (radius of 115 nm) and 
poly(dimethylsiloxane) polymers (radius of gyration of 14 nm) in an organic solvent 
was used. The size ratio between the polymer and the colloid is 0.12. In chapter 7 and 
8 a suspension of PMMA colloidal particles (radius of 600 nm) and poly(styrene) 
polymers (radius of 46 nm) in a mixture of three organic solvents was used. Here, the 
size ratio between the polymer and the colloid is 0.08. 
In chapter 5 we present a new procedure to prepare a colloidal crystal at a wall. 
The procedure involves three processes: phase transition in the bulk, phase transition 
at a wall and sedimentation. It appeared that the circumstances were such that a 
crystal with a large degree of crystallinity and consisting of several layers was formed 
in a relatively short time. The fact that the crystal is formed on a wall can be an 
advantage in applications, because the wall can act as the carrier of the crystal. 
Furthermore, we have shown that AFM is a useful technique to study wall-crystals 
formed in colloid-polymer suspensions. Rather than the layer in contact with the wall 
(as is often the case with optical microscopy techniques), the first few layers that were 
in contact with the suspension are studied. 
In chapter 6 the structure of the sediments in the colloid-polymer suspension was 
investigated using Small Angle X-ray Scattering. We were able to obtain information 
about the structure by determining the 2D structure factors from the diffraction 
patterns. The associated autocorrelation functions were calculated to analyze the 
packing structure of the crystals. No strong effect of the polymer concentration on the 
structure of the crystal is observed yet. We observed that the crystals were of high 
quality. 
In chapter 7 the characteristics of the PMMA colloidal particles in various solvents 
were investigated. The PMMA-particles are very useful as a model system to study a 
variety of phenomena in real space and in real time on a particle level. Choosing a 
specific mixture of organic solvents it is possible to match the particles for the density 
and for the index of refraction at the same time. We found that the properties of the 
PMMA-particles strongly depend on the type of solvent, e.g., strong bleaching of the 
incorporated dye or a positive charge on the particles. A solvent mixture in which the 
colloids were stable, and the index of refraction and the density were closely matched, 
was chosen for use in chapter 8. 
In chapter 8 we studied the phase separation in real time and real space with 
confocal scanning laser microscopy. We found three distinct mechanisms for the 
phase separation as a function of the polymer concentration. A narrow region of a 
Summary 
125 
nucleation-like mechanism at low polymer concentrations, a region of aggregation 
leading to compact clusters at intermediate polymer concentrations, and a region of 
aggregation leading to elongated clusters at higher polymer concentrations. The 
borders between the different regions are well defined. Digital image processing made 
it possible to analyze the confocal images semi-quantitatively. A region of optimal 
crystallization was determined. Gravity does have an influence on the final structure 
of the solid phase. We observed that the formation of crystals in the sediments depend 
on the form and size of the sample vials. 
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Samenvatting  
 
 
 
In dit proefschrift wordt een aantal aspecten van het fasengedrag van colloïd-
polymeer mengsels bestudeerd. In deze samenvatting wordt nader toegelicht wat 
colloïden zijn, hoe je ze kunt bestuderen en wat er gebeurd als polymeer wordt 
toegevoegd aan colloïdale suspensies. Tot slot wordt een overzicht gegeven van wat 
in dit proefschrift beschreven staat. 
 
Een colloïd is een deeltje met afmetingen tussen de 1 en 1000 nanometer (of te 
wel: tussen éénmiljoenste en éénduizendste deel van een millimeter). Ze zijn zo klein 
dat je ze met het blote oog niet kunt zien. Vaak worden de colloïden bestudeerd als ze 
in een oplosmiddel zijn. Dit worden colloïdale suspensies genoemd.  
Waarom is het nu interessant om colloïden te bestuderen? Ten eerste zijn de 
colloïden belangrijk voor industriële toepassingen die we overal tegenkomen in het 
dagelijks leven, zoals voedingsmiddelen, verf, inkt, wasmiddelen en in de biologie, 
zoals virussen, eiwitten, bloed en de biologische cel. Een beter begrip van de 
eigenschappen en het gedrag van colloïden maakt het o.a. mogelijk de industriële 
produkten te verbeteren en biologisch processen beter te begrijpen. Ten tweede zijn 
colloïden interessant voor de wetenschap vanwege een analogie met atomaire en 
moleculaire systemen. Colloïden zijn circa duizend keer zo groot als atomen. 
Hierdoor bewegen ze zich langzamer in een vloeistof en zijn ze te bestuderen met 
zichtbaar licht door gebruik te maken van bepaalde technieken, zoals microscopen en 
verstrooiing. Deze grotere tijd - en lengteschalen zijn experimenteel veel makkelijker 
toegankelijk. Verder is het mogelijk om de colloiden in allerlei vormen en met 
verschillende eigenschappen (materiaal, bedekking van het oppervlak) te maken. De 
wisselwerkingen tusen de colloiden onderling worden bepaald door hun 
eigenschappen. Doordat variatie mogelijk is kan op een gecontoleerde manier het 
effect bestudeerd worden. Algemene fysische processen in atomaire systemen kunnen 
beter begrepen worden door colloïdale suspensies te bestuderen. Omgekeerd volgt uit 
de kennis die dit soort studies oplevert weer nieuwe toepassingen. 
 
In dit proefschrift zijn colloïdale suspensies bestudeerd waaraan polymeren zijn 
toegevoegd. Het toevoegen van polymeren induceert een effectieve attractie tussen de 
colloïden, dit wordt depletie- interactie genoemd. Wanneer twee colloïden elkaar zo 
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dicht genaderd zijn dat er geen polymeer tussen past, treedt er een drukverschil op. 
Alleen aan de buitenkant ‘duwen’ de polymeren tegen de colloïden. Deze druk wordt 
niet gecompenseerd aan de andere kant, tussen de colloïden in, simpelweg omdat daar 
geen polymeren zijn. De colloïden worden dan dus naar elkaar toegedreven. Wanneer 
voldoende polymeer wordt toegevoegd treedt een fasescheiding op als gevolg van 
deze depletie- interactie. Dit betekent dat er gebieden worden gevormd waarin de 
concentratie aan colloïden hoog is en gebieden waarin de concentratie aan colloïden 
laag is. In analogie met atomaire en moleculaire systemen worden de fasen gas, 
vloeistof en vast genoemd. Net zoals er een evenwicht tusssen een vloeibaar water 
(vloeistof) en waterdamp (gas) bestaat, kunnen ook de colloïdale fasen met elkaar in 
evenwicht zijn. Welke fasen precies worden gevormd, bij welke concentraties en hoe 
snel de fasescheiding plaatsvindt, hangt o.a. af van de grootte van het colloïd, de 
grootte van het polymeer, de aard van het oplosmiddel en de dichtheden van de 
verschillende componenten. 
 
In het eerste deel van dit proefschrift (hoofdstuk 2 tot en met 4) is het grensvlak 
bestudeerd tussen een colloïdale vloeistof- en een colloïdale gasfase. Hiervoor werd 
een rond buisje gevuld met de vloeistoffase, waaraan een druppel van de gasfase werd 
toegevoegd. Vervolgens werd het buisje horizontaal rond zijn lengteas gedraaid. Het 
druppeltje bevindt zich hierdoor in het midden van het buisje. Wordt het buisje harder 
rondgedraaid, dan rekt de druppel zich uit. De lengte en de dikte van het druppeltje 
hangt echter niet alleen af van de draaisnelheid, maar ook van de grensvlakspanning 
tussen de twee fasen. Door nu de lengte en de dikte bij een bepaalde draaisnelheid op 
te meten, kan de grensvlakspanning bepaald worden. Voor het colloid-polymeer 
mengsel dat we bestudeerden was dit ca. 0.004 mN/m. Dit is heel erg klein, de 
grensvlakspanning tussen water en lucht is bijvoorbeeld 70 mN/m. Toen deze 
experimenten werden uitgevoerd bleek dat wanneer de druppel heel ver uitgerekt 
werd het in bepaalde gevallen brak in een aantal kleinere druppels. Dit is hetzelfde 
effect wanneer je met je vinger een dun straaltje uit de kraan aanraakt. Dit zorgt 
ervoor dat de kraan gaat druppelen. Het effect van de draaisnelheid op het 
breekproces werd bestudeerd en de resultaten werden geanalyseerd met een door ons 
ontwikkeld model. Tenslotte werd de dikte van het grensvlak bestudeerd met 
ellipsometrie. Een lichtbundel (laserlicht) wordt gereflecteerd op het grensvlak tussen 
de twee fasen. Door de eigenschappen van het licht voor- en nadat het gereflecteerd 
werd op het grensvlak met elkaar te vergelijken kan de dikte van de grenslaag bepaald 
worden. Deze was in de ordegrootte van een colloïd, ca. 10 nm. 
 
In het tweede deel van dit proefschrift (hoofdstuk 5 tot en met 8) is de kristallisatie 
in colloïd-polymeer mengsels bestudeerd. Een colloïdaal kristal is een geordende 
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stapeling van colloïden. In hoofdstuk 5 werd de vorming van een colloïdaal kristal aan 
een wand bestudeerd. Tussen de wand en het colloïdale deeltje bestaat ook een 
depletie-interactie. Deze is groter dan tussen twee deeltjes vanwege de vlakheid van 
de wand. We laten zien dat onder speciale omstandigheden een colloïdaal kristal op 
de wand wordt gevormd dat goed geordend is en uit verscheidene lagen bestaat. 
Bovendien wordt dit kristal gevomd in een relatief korte tijd. Het kristal werd 
gekarakteriseerd met atoom raster microscopie. Met deze techniek wordt een 
reliëfplaatje gemaakt van een oppervlak. Een soort ‘naald’ wordt over het oppervlak 
bewogen en de uitslag van die ‘naald’ wordt vastgeled. Deze techniek is geschikt om 
colloïden die zich op een wand of op een plaatje bevinden te bestuderen. In hoofdstuk 
6 is bezinksel in het colloïd-polymeer mengsel bekeken als functie van de 
toegevoegde hoeveelheid polymeer. Hoewel we geen duidelijke trend als functie van 
de concentratie hebben waargenomen, waren we wel in staat om de structuur (de 
manier van stapeling van de colloïden) te bepalen. De techniek die we hiervoor 
gebruikten was kleine hoek Röntgen verstrooiing. Verstrooiingstechnieken zijn 
gebaseerd op het feit dat een (licht)bundel door een colloïd verstrooid wordt. Dit komt 
er op neer dat de bundel wordt afgebogen onder bepaalde hoeken, in plaats van dat het 
dwars door het deeltje heen gaat. De intensiteit van de bundel onder deze hoeken en 
de grootte van de hoeken wordt bepaald door zowel de eigenschappen van het deeltje 
als de positie van de colloïden ten opzichte van elkaar. De combinatie van de gemeten 
hoeken en de gemeten intensiteiten en het gebruik van bestaande theorieën voor de 
analyse van deze gegevens, levert informatie op over de colloïden. In hoofdstuk 7 en 
8 werd de fasescheiding in een colloïdale vloeistof en een colloïdale vaste fase 
bekeken met confocale microscopie. In principe is de confocale microscoop een 
variatie van de lichtmicroscoop. Als lichtbron wordt een laser gebruikt en door de 
aanwezigheid van een aantal extra optische elementen in de microscoop is het 
mogelijk om dunne dwarsdoorsneden van het monster in detail te bekijken. Het was 
mogelijk om de colloïden op deeltje niveau te volgen in de tijd. Het proces van 
fasescheiding in monsters met verschillende hoeveelheden van het toegevoegde 
polymeer werd gevolgd in de tijd. Het bleek dat de concentratie van het polymeer een 
grote invloed heeft op het mechanisme van de fasescheiding. Het was mogelijk om 
een regime te bepalen waar optimale kristallisatie plaats vindt. 
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Aan het einde van dit proefschrift rest mij nog een aantal mensen te bedanken die 
een belangrijke rol gespeeld hebben in mijn promotietijd. Zoals mijn promotor wel 
eens heeft gezegd, is niet alleen de ‘know how’, maar zeker ook de ‘know who’ 
belangrijk in het onderzoek. Tijdens mijn promotietijd heb ik dit ook zo ervaren. Een 
aantal mensen wil ik daarom hier met name bedanken voor hun bijdrage aan dit 
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Andrei Petukhov for his contributions to the analysis of the SAXS-data. Willem Kegel 
en Alfons van Blaaderen bedank ik voor de vele discussies over de confocale 
microscopie studies. De glasblazers Igno Dur, Peter de Graaf, Piet Engels en Maarten 
Vervoort, en van de werkplaats Kees Rietveld, hebben een cruciale rol gespeeld in 
mijn onderzoek. Vaak maakte ik het hen lastig met specifieke wensen en telkens 
kwamen ze met goede oplossingen voor de te maken stukken. Dankzij Bonny Kuipers 
werden mijn opticavragen opgelost en Carel van der Werf heeft vele 
computerproblemen voor me verholpen. De mensen van de audiovisuele dienst, Jan 
den Boesterd, Ingrid van Rooijen en Aloys Lurvink, dank ik voor hun hulp bij het 
maken van posters, sheets, foto’s etc. Het was plezierig dat jullie deur altijd 
uitnodigend voor me open stond. 
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Verder wil ik mijn kamergenoten van de afgelopen vier jaar, Igor Bodnár, Gerrit 
Vliegenthart, Felicity Lodge, Paul van der Schoot, Valerie Anderson en Martijn 
Oversteegen en alle andere mensen van het Van ‘t Hoff laboratorium bedanken voor 
de fijne tijd die ik op dit lab heb doorgebracht. 
Als laatste wil ik mijn familie en vrienden bedanken voor de belangstelling in de 
afgelopen jaren. Mijn ouders hebben me altijd gestimuleerd. Dankzij hun steun en 
belangstelling is het zover gekomen dat ik dit proefschrift heb geschreven. Tenslotte 
bedank ik Michel voor het geduld dat je de afgelopen vier jaar met me gehad hebt. Je 
relativeringsvermogen is in die tijd een grote steun geweest om de zaken weer in het 
juiste perspectief te zien. 
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